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Abstract 

In recent years, AC-DC Matrix Converters (MCs) have received much interest in 

research for AC-DC power conversion due to its significant advantages such as bidirectional 

power flow, sinusoidal grid current, controllable input power factor, tight DC voltage 

regulation over a wide range, compact design, and long life. All of these advantages make 

AC-DC MCs promising for industrial applications such as energy storage systems, AC-DC 

microgrids, and vehicle-to-grid systems. In practical applications, the three-phase grid 

voltage are often under unbalanced conditions, which deteriorate the performance of the 

AC-DC MCs due to the ripple on the DC side and low-order harmonics in the grid current. 

This thesis presents the development of various advanced control strategies based on 

space vector modulation (SVM) and model predictive control (MPC) to drive the AC-DC 

MCs under unbalanced conditions with high performance in term of the output current and 

voltage ripples, grid current harmonics, and grid power factor. The first approach is based on 

the SVM technique; an enhanced control strategy is developed based on an independent 

control scheme for the active and reactive powers. The input current reference is directly 

synthesized from instantaneous power analysis in a stationary frame, and a constant DC 

voltage and current and a sinusoidal grid current are obtained without any input current 

controller. Additionally, a near unity power factor is simply achieved by using an average 

grid reactive power-based PI controller. The average grid reactive power is obtained through 

a notch filter without using the grid voltage sequence components, so the proposed control 

strategy is implemented easily without large storage requirement. 

The second approach is based on the MPC technique. MPC is applied to AC-DC MCs to 

achieve fast dynamic response and simple implementation. In spite of these advantages, the 

conventional MPC (C-MPC) for an AC-DC MC still has various issues to be solved. This 

thesis present three advanced MPC schemes to deal with various issues of the C-MPC such 

as computational burden, active damping function, steady state performance improvement, 

and voltage sensor reduction. First, the thesis presents a simplified MPC (S-MPC) scheme 

with active damping function. The grid current reference is generated by analyzing the 

instantaneous power model in a stationary frame without information about the grid voltage 

sequence components. The prediction process is simplified by computing only one required 
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input current vector (RICV) instead of nine grid current predictions. In addition, a novel 

method is proposed to realize the active damping function without increasing the 

computational burden by integrating the damping current into the RICV. Thus, the execution 

time of the S-MPC is significantly reduced compared with that of the C-MPC, and the 

system performance is easily improved by shortening the sampling period. 

Second, a virtual-flux-based MPC (VF-MPC) scheme is developed to remove the grid 

voltage sensor and enhance the grid current performance. By modeling the power flow in 

terms of the virtual flux (VF) and its 90o lagging signal, the grid current reference and grid 

voltage are obtained simply without the extraction of the VF positive and negative sequence 

components. Furthermore, the number of current vectors is increased from 9 to 39 vectors 

by generating 30 virtual current vectors to minimize the grid current tracking error. 

Especially, to reduce the computational burden due to the increased number of current 

vectors, a preselection method is presented to reduce the number of candidate current 

vectors from 39 to 8. 

Third, the thesis develops an improved MPC (I-MPC) scheme to simultaneously 

compensate the power ripple in the input filter and reduce the grid current distortion by 

taking into account the power ripple in the input filter under unbalanced grid voltage 

conditions, which is normally ignored in the MPC of an AC-DC MC. The power ripple is 

calculated based on the grid voltage and its 90o lagging signal, which makes the 

implementation simple without grid voltage components extraction or digital filter design. 

Furthermore, a closed-loop current controller is developed based on a resonant controller 

(RC) to reduce the grid current harmonic caused by power ripple under imbalanced grid 

voltage conditions. 

All control strategies are successfully tested by simulation in PSIM and experiments on 

prototype AC-DC MC. Proper comparisons are also given to verify the effectiveness of the 

proposed control strategies. 
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Chapter 1 

Introduction 

1.1 AC-DC Matrix Converter, State of the Art 

The bidirectional AC-DC converter is an essential part of various emerging applications, 

such as battery energy storage systems (BESS) [1], [2], chargers for electric vehicles (EVs) 

[3], [4], uninterruptible power supplies (UPS) [5], hybrid AC-DC microgrids [6], and 

vehicle-to-grid (V2G) systems [7]. Voltage source converters (VSCs) are commonly used, 

which have advantages of bidirectional power flow, sinusoidal grid current, controllable 

power factor, and tight DC voltage regulation capability. However, VSCs have an inherent 

limitation in that the DC voltage must be higher than the peak AC voltage. For many 

applications, the DC voltage is generally below the peak AC voltage and may vary over a 

wide range. Therefore, an additional bidirectional DC-DC converter stage is needed to 

match the desired DC bus voltage as shown in Figure 1.1. However, this two-stage power 

conversion increases the weight and cost while reducing the efficiency of the converter 

system [4], [8]. Furthermore, the reliability and power density of the VSCs are poor due to 

the bulky electrolytic capacitor across the DC bus [9].  

To overcome these drawbacks, the AC-DC matrix converter (MC) was introduced as a 

bidirectional single-stage converter without any intermediate energy storage element [10]. 

The topology of an AC-DC MC is shown in Figure 1.2. It provides many advantages such as 

sinusoidal grid current, controllable power factor, compact design, and long life [11], [12]. 

The AC-DC MC also provides direct input current synthesis and tight DC voltage regulation 

over a wide range. Thus, for applications with low DC voltage, the AC-DC MC is an 
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attractive alternative to VSC-based topologies [13], [14]. 

 

1.2 Review of AC-DC MC Developments 

MCs are one of the most interesting families of converters [15]. The primary base of MC 

theories was initially proposed by Gyugyi and Pelly in 1976 [16]. However, the intensive 

research on MCs starts with the work of Venturini and Alesina in 1980 [17], [18]. They 

presented the power circuit that enables AC-AC power conversion without any intermediate 

energy storage element by employing a converter as a matrix of bidirectional power 

 

Figure 1.1 Two-stage bidirectional AC-DC power conversion based on VSC. 

 

Figure 1.2 Single-stage bidirectional AC-DC power conversion based on AC-DC MC.  
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switches and they introduced the name “matrix converter.” In 1992, the AC-DC MC was 

first derived by Holmes and Lipo based on reduction from three-to-three phase MC to three-

to-one phase MC to realize the bidirectional AC-DC power conversion [10]. During the last 

decades, AC-DC MC has received considerable interest in research due to its significant 

advantages. The research on the AC-DC MC is mainly focused on topology development, 

modulation and control methods, operation under abnormal conditions. 

1.2.1 AC-DC MC-based Topologies 

 The conventional topology of an AC-DC MC with a second-order LC input filter and an 

output filter L is shown in Figure 1.3 [11]–[14], [19]–[21]. The power circuit consists of six 

bidirectional switches; it realizes the AC-DC buck conversion and DC-AC boost conversion. 

This topology was widely applied for applications where the low and variable DC voltage is 

required such as V2G [13], [14], BESS [20], [21].  

For lower output voltage, the conventional AC-DC MC must be operated at lower 

modulation index which in turn increases switch RMS current and reduces power 

conversion efficiency. To solve this problem, the AC-DC MC followed by a current doubler 

rectifier (CDR) is realized as shown in Figure 1.4 [22]. For the same modulation index, this 

topology reduces the output DC voltage by half of the voltage gain achieved by the 

conventional AC-DC MC without compromising the input power quality and power 

 

Figure 1.3 Topology of an AC-DC MC 
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conversion efficiency. This topology is of high interest for applications such as 

telecommunication, power supplies for process technology and More Electric Aircraft 

(MEA) systems.      

In [23] and [24], an AC-DC Matrix-Z-Source Converter (MZC) is presented for the 

integrated starter/alternator (ISA) system, as shown in Figure 1.5. The MZC inherits both 

advantages of the AC–DC MC and Z-source inverter. This topology provides capability of 

wide range variable-voltage–variable-frequency (VVVF) DC–AC inversion and AC–DC 

rectification without extra close-loop control or large energy-storage devices.  

For applications where the isolation is required, the AC-DC MC utilizing high-frequency 

link transformer (HFT) has the merits of compact size, low weight, low cost, high efficiency, 

and high power density [25]. The HFT provides isolation, voltage transformation and noise 

 
 

Figure 1.4 The AC-DC MC with Current Doubler Rectifier. 

 

 
 

Figure 1.5 The AC-DC Matrix-Z-Source Converter. 
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decoupling. This isolated AC-DC MC type can be classified into two major topologies: 

unidirectional and bidirectional topologies. Figure 1.6 shows the topology of an 

unidirectional isolated AC-DC Matrix Rectifier [26]–[31]. It consists of an input LC filter, a 

three-to-one phase MC, a HFT, a diode bridge rectifier and an output L filter. This topology 

is considered promising in AC-DC applications such as front-end power converters for 

typical telecommunication and high voltage direct current (HVDC) [26], [29]. For 

application where the bidirectional power conversion is required such as on-board EV 

charger for V2G applications [32]–[35], BESS [25], [36]–[38], hybrid AC-DC microgrids 

[39], the diode bridge rectifier is replaced with a full-bridge converter using IGBT or 

MOSFET, as shown in Figure 1.7. 

 

 
 

Figure 1.6 The unidirectional isolated AC-DC Matrix Rectifier. 

 
 

Figure 1.7 The bidirectional isolated AC-DC Matrix Converter. 
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1.2.2 Modulation and Control Methods 

A variety of pulse width modulation (PWM) switching techniques has been developed 

for AC–DC MC. The first modulation is presented based on the Alesina–Venturini (A-V) 

optimum modulation [10]. This modulation method can provide a tight DC voltage 

regulation, but the input power factor compensation is not achieved. Up to now, the space 

vector modulation (SVM) is the most widely used for AC-DC MC due to its easy 

implementation and additional freedom to optimize the performance and to minimize the 

switching losses [11]–[13], [19], [20], [40]–[42]. To reduce the output current ripple, the 

active vectors are properly selected according to the output range [12], [13], and the zero 

vectors are optimally utilized according to the switching pattern [20], [42]. In [43], the 

optimal segmental switching pattern is proposed to eliminate narrow pulse, which causes 

grid current distortion and even switches commutation failure. For other purposes, the SVM 

has been modified to reduce the common-mode voltage [19], and to minimize switching loss 

[40], [41]. 

Many linear control methods have been presented to drive the AC-DC MC based on the 

SVM. In [13], [44], a dual-loop control scheme with outer DC voltage and inner DC current 

loops is proposed based on proportional integral (PI) controller. The AC input current is set 

to be in phase with the grid voltage, while its amplitude is indirectly controlled. To control 

input power factor (IPF),  a PI controller is realized for the input current displacement angle 

[11]. A control method to fully control of the grid and output side of an AC-DC MC is 

presented in [20]. The grid side active and reactive power is controlled independently 

through controlling the grid current in dq synchronous frame. And, the output side is utilized 

to control a battery in three operation modes, namely, constant power charging/discharging 

mode (CP), constant current charging mode (CC) and constant voltage charging mode (CV). 

Aside from linear control methods, modern control methods have recently been 

presented to control the input and output side of an AC-DC MC. In [45], the DC voltage 

controller sets the d-axis AC input current reference and then the AC input current is directly 

controlled using a one-cycle control (OCC) method without a modulator. Various sliding 

mode control (SMC) strategy are presented to achieve both a tight DC voltage regulation 

and a power factor control by applying the Reaching Law Sliding Mode Control (RL-SMC) 
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[46], and a global sliding mode control (GSMC) based on a hyperbolic tangent function [47]. 

In [48], a fuzzy controller is adopted to improve the dynamic performance of battery charger 

using an AC-DC Matrix Rectifier. Lately, model predictive control (MPC) is emerging as 

the most widely used modern method for AC-DC MC to achieve fast dynamic response and 

simple implementation [21], [49], [50]. Thanks to the discrete nature of the converter, a 

discrete model is used to select the optimal switching state by minimizing the cost function. 

Therefore, only one switching state is applied to drive the converter in each sampling period, 

and no modulation stage is needed. 

 

1.2.3 Operation under Abnormal Conditions 

The abnormal grid voltage conditions including unbalance and distortion occur 

frequently in practical due to various asymmetrical grid faults and nonlinear loads. Any 

abnormal condition in the grid voltage will give rise to ripple on the DC side and harmonic 

distortion in the grid current [51]–[53]. The feedforward control is known as the most 

common and simplest method to compensate the effects of the abnormal grid voltage 

conditions on the output performance by regulating the instantaneous modulation index [53]. 

However, this causes severe harmonics in the grid current. The control methods for AC-DC 

MC under abnormal grid voltage conditions have been less studied. However, some control 

methods that are used for AC–AC MCs under abnormal conditions can be properly applied 

to enhance both the output and grid sides performance for AC-DC MCs [54]–[60]. 

 

1.3 Frameworks and Objectives of the Thesis 

The target of this thesis is to propose advanced control strategies to drive the AC-DC 

MCs under unbalanced grid voltage conditions. The proposed control strategies are 

developed based on two widely used techniques: SVM and MPC. The control objectives are 

provided to achieve constant output voltage and current, sinusoidal grid current, and a near 

unity grid power factor. Theoretical analysis, simulation, and experiments have been 

investigated to demonstrate the advanced performances of the proposed control strategies. 

The main contributions of the thesis are: 
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 Development of an enhanced control strategy based on an independent control 

scheme for the active and reactive powers. The input current reference is generated 

from instantaneous power analysis in a stationary frame, then directly synthesized to 

obtain sinusoidal grid current and constant DC voltage and current without any input 

current controller. Furthermore, an average grid reactive power-based PI controller is 

developed to achieve a near unity grid power factor. The average grid reactive power 

is obtained through a notch filter without using the grid voltage sequence 

components, so the proposed control strategy is implemented easily without large 

storage requirement. 

 Development of a simplified MPC (S-MPC) scheme with active damping function. 

The grid current reference is generated by analyzing the instantaneous power model 

in a stationary frame without the grid voltage components extraction. The prediction 

process is simplified by computing only one required input current vector (RICV) 

instead of nine grid current predictions. Additionally, the active damping function is 

realized without increasing the computational burden by integrating the damping 

current into the RICV. Thus, the execution time of the S-MPC is significantly 

reduced, and the system performance is easily improved by shortening the sampling 

period. 

 Development of a virtual-flux-based MPC (VF-MPC) scheme to remove the grid 

voltage sensor and enhance the grid current performance. The grid current reference 

and grid voltage are obtained in terms of the virtual flux (VF) and its 90o lagging 

signal. Furthermore, the number of current vectors is increased from 9 to 39 vectors 

by generating 30 virtual current vectors to minimize the grid current tracking error. 

To reduce the computational burden due to the increased number of current vectors, 

a preselection method is developed to reduce the number of candidate current vectors 

from 39 to 8. 

 Development of an improved MPC (I-MPC) scheme to simultaneously compensate 

the power ripple in the input filter and reduce the grid current distortion. The power 

ripple is obtained based on the grid voltage and its 90o lagging signal, which makes 

the implementation simple without grid voltage components extraction or digital 
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filter design. In addition, a closed-loop current controller is developed based on a 

resonant controller (RC) to reduce the grid current harmonic caused by power ripple 

under unbalanced grid voltage conditions. 

 

1.4 Outline of the Thesis 

Following this introduction, the fundamentals of AC-DC MC are introduced in Chapter 2. 

Chapter 3 presents an enhanced control strategy for AC-DC MCs based on an independent 

control scheme for the active and reactive powers using SVM. 

Chapter 4 presents a simplified MPC scheme with active damping function for AC-DC MCs. 

Chapter 5 presents a virtual-flux-based MPC scheme for AC-DC MCs to remove the grid 

voltage sensor and enhance the grid current performance. 

Chapter 6 presents an improved MPC scheme for AC-DC MCs to simultaneously 

compensate the power ripple in the input filter and reduce the grid current distortion. 

Chapter 7 concludes the work in this thesis and provides feasible recommendations for 

future research. 
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Chapter 2 

Fundamentals of AC-DC Matrix Converter 

2.1 Basic Operation of AC-DC MC 

The basic circuit of an AC-DC MC is shown in Figure 2.1. It consists of a three-phase 

AC supply, an second-order input LC filter, a power circuit with six bidirectional power 

switches, an inductor output L filter, and a DC load. The input LC filter is used to eliminate 

the high-frequency current harmonics, and the output L filter is used to mitigate the output 

current ripple. 

 

 
 

Figure 2.1 Basic circuit of an AC-DC MC. 
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With the relevant symbols shown in Figure 2.1, the input currents iia, iib, and iic and the 

output current idc have the following relationship: 

 

ia aP aN

ib bP bN dc dc

ic cP cN

i S S

i S S i i

i S S

   
        
      

S , (2.1) 

where S is the switching state matrix, and Sxy is the state of each six bidirectional power 

switches (x{a,b,c} and y{P,N}). The state is equal to 1 when Sxy is turned on and 0 when 

Sxy is turned off. 

Let the space vector x be defined as follows: 

  2 /3 4 /32 / 3j j
a b cx jx x x e x e 

     x  (2.2) 

where xα and xβ are the components in the αβ stationary frame, and xa, xb, and xc are the 

components in the three-phase abc stationary frame. 

Considering the prohibitions of the short circuit on the input side and the open circuit on 

the output side, there are nine possible switching states to control the AC/DC MC. With 

these states, the input current vector are limited to six active vectors I1-I6 and three zero 

vectors I7-I9, as shown in Figure 2.2. The four-quadrant operation of the AC-DC MC is 

shown in Figure 2.3. Both polarities of voltages and currents may be controlled during the 

bidirectional operation. 

 
 

Figure 2.2 Space vector diagram of input current vector for AC-DC MC. 
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2.2 Input Filter 

The input filter is a critical part to eliminate the high frequency switching ripple in the 

input current of the AC/DC MC. Several research works have concerned with the problem 

of the input filter, such as filter topology and filter design [61]–[66]. A properly designed 

filter must also ensure the following: 1) minimum voltage drop; 2) high-quality voltage at 

the converter input; 3) high grid power factor, and 4) stability. The input filter design also 

affects the weight and volume of the overall converter and, hence, the cost of equipment. 

From cost and weight considerations, the single-stage LC filter has been found to be the 

most appropriate topology [65]. The LC filter is usually realized with the damping resistors 

in parallel or series with the inductors to avoid resonance, as shown in Figure 2.4. This 

method is easy to implement, but results in excessive power losses. To overcome this 

drawback, several active damping methods have been realized without affecting the 

converter efficiency by emulating a virtual resistor in parallel with the filter capacitor [67]–

[71]. 

dci

ov

iv

ii

ii
iv

iv

ii
iv

ii

0

 
 

Figure 2.3 Four-quadrant operation of the AC-DC MC. 
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2.3 Bidirectional Switches 

The power circuit of an AC-DC MC is realized by six bidirectional switches. Currently, 

bidirectional switches must be constructed from available unidirectional devices. Most MC 

applications use IGBT devices and diodes to create the bidirectional switch [15], [72]. Some 

typical arrangements are shown in Figure 2.5.  

The diode bridge arrangement is the simplest bidirectional switch, which uses only one 

IGBT as shown in Figure 2.5(a). This arrangement requires only one gate drive per 

bidirectional switch. However, the conduction losses are higher than other arrangements 

since the current flows through one IGBT and two diodes.  

The common emitter and common collector arrangements are the two most commonly 

used bidirectional switch. Both these switches are realized from two IGBTs and two diodes 

as shown in Figure 2.5(b) and (c). They allow the current direction to be controlled, and this 

allows greater flexibility when performing the commutation of current between input phases. 

 
 

Figure 2.4 LC input filter with damping resistor in (a) parallel, and (b) series with inductor. 

 

 
 

Figure 2.5 Bidirectional switch arrangements: (a) Diode bridge arrangement, (b) common 

emitter arrangement, and (c) common collector arrangement. 
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2.4 Bidirectional Switch Commutations 

 Bidirectional switch commutation is an important issue for the reliable and safe 

operation of AC-DC MCs. The commutation should be achieved without causing both short 

circuits on the input side and the open circuits on the output side. Any mistake in 

commutation may lead to overcurrent and overvoltage that will destroy the converter and the 

systems. For the two most commonly used bidirectional switch in Figure 2.5(b) and (c), 

several commutation techniques have been proposed in literature either based on output 

current or input voltage sign measurement, or both output current and input voltage sign 

measurements [73]–[77]. Among them, the most common commutation technique which is 

generally used by researchers is the four-step output-current-based commutation technique 

[77].  

Figure 2.6 shows a simplified two-phase to single-phase AC/DC MC to explain the four-

step output-current-based commutation technique. The commutation proceeds from input 

phase a to input phase b when the output current idc is positive is shown in Figure 2.7(a). 

The IGBTs that control the positive output current are forward switches (i.e., SaPf, SbPf), and 

those for the negative output current are reverse switches (i.e., SaPr, SbPr). Before the 

 

 
Figure 2.6 A simplified two-phase to single-phase AC-DC MC. 
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commutation process, both two switches SaPf and SaPr are turned on. The four-step 

commutation with the sequence turn-on and turn-off of 4 switches SaPf, SaPr, SbPf, and SbPr is: 

- Step 1: At t1, the switch SaPr that is not conducting the output current is turned off. 

- Step 2: At t2, the switch SbPf that will conduct the output current within the on-coming 

bidirectional switch is turned on. 

- Step 3: At t3, the switch SaPf that is conducting the output current within the off-going 

bidirectional switch is turned off. 

- Step 4: At t4, the switch SbPr that will not conduct the output current within the on-

coming bidirectional switch is turned on. 

After the step 2, the two switches SaPf  and SbPf  can provide a path for the positive output 

current. If ia ibv v , the output current is naturally transferred from SaP to SbP at step 2. If 

ia ibv v , the output current is forcedly transferred from SaP to SbP at step 3. Similarly, the 

four-step commutation from input phase a to input phase b when the output current idc is 

negative is shown in Figure 2.7(b). 

 

 
Figure 2.7 Four-step commutation sequence: (a) possitve output current, (b) negative output 

current. 
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2.5 Summary 

The fundamentals of AC-DC MC have been presented in this chapter. First, the basic 

operation of the AC-DC MC has been introduced. The converter is modeled based on the 

switching matrix. There are nine possible switching states to satisfy the requirement for safe 

operation. Then, the basic hardware implementation of AC-DC MC such as input filter, 

bidirectional switch arrangements are presented. Subsequently, the switch commutation 

techniques for safe operation are also provided in this chapter. 
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Chapter 3 

An Enhanced Control Strategy with Space 

Vector Modulation 

 

Under unbalanced grid voltage conditions, an AC-DC MC induces ripple on the DC side, 

as well as severe grid current harmonics. To overcome these problems, an enhanced control 

strategy for an AC-DC MC is proposed based on an independent control scheme for the 

active and reactive power. The generated current reference is directly synthesized from 

instantaneous power analysis in a stationary frame, and a constant DC voltage and current 

and sinusoidal grid current are obtained. Moreover, the input power factor becomes almost 

unity due to the reactive power control, in spite of unbalanced grid voltage conditions. 

There is no need to extract grid voltage components such as the positive and negative 

sequences, and a controller for the grid current is not required, in contrast to previous 

methods. Thus, the proposed control method can be implemented easily without a large 

storage requirement. Simulation and experimental results are presented to verify the 

effectiveness of the proposed control strategy. 
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3.1 Introduction 

To drive the AC/DC MC effectively, many control methods with balanced grid voltage 

have been presented [11]–[13], [19]–[21], [41]–[43]. However, unbalanced grid voltage 

occurs frequently due to various grid faults or disturbances. Unbalanced grid voltage gives 

rise to ripple on the DC side and low-order harmonics in the grid current, so it should be 

managed properly. In [53] and [78], the DC voltage feedback control and the feedforward 

methods are presented to compensate the effects of the unbalanced grid voltage on the 

output performance by regulating instantaneous modulation index. However, they cause 

severe harmonics in the grid current. To enhance both the DC-side and AC-side 

performance under unbalanced grid voltage, some AC/DC MCs use control methods that are 

used for AC/AC MCs [54]–[58]. In [54], the angle of the modulated input current vector was 

dynamically calculated as a function of the positive and negative sequence components of 

the grid voltage to suppress the undesirable harmonics in the grid currents. This has been 

widely adopted in many studies to obtain a sinusoidal grid current with the SVM [55], [56], 

double-line voltage synthesis algorithm [57], and online optimization of duty cycles [58]. 

However, all these methods need to extract the positive and negative sequence components 

of the grid voltage, which is usually complicated and requires a large amount of storage. 

Some advanced control methods have been presented to avoid the difficulty of extracting 

the grid voltage components [52], [59], [60]. In [59], the expected input power factor angle 

is simply constructed with a notch filter. Even though a sinusoidal grid current is achieved, it 

is hard for this method to control the input reactive power. In another study [60], a resonant 

controller (RC) was used for the input current and active power controllers to suppress the 

grid current harmonics and ensure constant grid active power. However, because of the 

instantaneous active power in the input filter, the grid active power is not completely 

transferred to the load under unbalanced grid voltages. Consequently, the output voltage and 

output power still contain some ripple, although the grid active power is constant. To solve 

this problem, a proportional integral (PI) controller was introduced to ensure constant output 

power along with the RC to control the input current [52]. However, the current references 
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are highly distorted under unbalanced grid-voltage conditions because the input active and 

reactive power flow were not quantitative analyzed. Therefore, the grid current performance 

significantly depends on the gains of the RC [52], [60]. 

To overcome the problems mentioned, the input current reference is directly synthesized 

by means of an independent control scheme for active and reactive power to achieve three 

main goals: 1) constant DC voltage and current, 2) sinusoidal grid current, and 3) near unity 

input power factor. The input current reference is generated by analyzing the instantaneous 

power model of the AC/DC MC based on the voltage and current in a stationary frame and 

their 90° lagging signals without extracting the grid voltage sequence components.  Thanks 

to the inherent capability of direct input current synthesis, the sinusoidal grid current is 

obtained without any input current controller. Additionally, a near unity power factor is 

simply achieved by using an average grid reactive power-based PI controller. The average 

grid reactive power is obtained through a notch filter without using the grid voltage 

sequence components, so the input power factor is controlled easily without large storage 

requirements compared to a previous method [79]. The proposed control strategy was 

verified by simulation and experimental results. 

 

3.2 Modulation and Control  of AC-DC MC 

3.2.1 Feedforward Compensation Method Using SVM 

Figure 3.1 shows the AC-DC MC configuration. The conventional SVM algorithm is 

used to control the AC-DC MC. The modulation index mi and the input current vector angle 

φv are used to implement the SVM [52]. The modulation index mi is defined as the ratio of 

the input current reference amplitude Iim and output current idc; i.e., /  (0 1)i im dc im I i m   . 

Ignoring the power losses of the switching matrix, the instantaneous input active power 

to the converter is equal to the output power to the load since there is no energy storage 

element in the AC-DC MC: 

 
3

cos ,
2

i out im im vi dc dcp p V I i v    (3.1) 
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where Vim is the amplitude of the input voltage vector, vdc is the output voltage, and φvi is  the 

input power factor angle. From (3.1), the output voltage is expressed as follows: 

 
3

cos .
2

dc im i viv V m   (3.2) 

Under unbalanced input voltage, the amplitude of the input voltage Vim includes double 

grid-frequency ripple [56]. Therefore, the conventional SVM with a fixed value of mi and φvi 

results in double grid-frequency ripple in the output voltage, which makes the grid current 

distorted. The feedforward method has been commonly used to overcome the degradation in 

output performance due to the unbalanced input voltage [53]. 

Figure 3.2 shows the feedforward compensation method for an AC-DC MC. The 

instantaneous grid voltage is sampled to calculate the voltage vector amplitude Vsm and 

phase angle φv. The modulation index mi is adjusted according to the instantaneous voltage 

vector amplitude Vsm to provide constant output voltage. Assuming that the input voltage is 

same as the grid voltage since the voltage drop across the filter inductor is negligible. From 

(3.2), the modulation index is calculated as follows: 

 
2

,
3 cos

ref
dc

i

sm vi

V
m

V 
  (3.3) 

where ref
dcV  is the output voltage reference. 

The input current vector phase angle φi is calculated as follows: 

 .i v vi     (3.4) 

 
 

Figure 3.1 AC-DC MC configuration. 
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Since the input current is directly synthesized by the output current, the active power is 

controlled by regulating the modulation index mi. And, the reactive power is controlled by 

the input power factor angle φvi. 

 

3.2.2 Independent Control Scheme for Active and Reactive Powers 

As shown in Figure 3.2, φvi depends on both the active power and the reactive power, so 

the active and reactive powers cannot be independently controlled to obtain the desired input 

power factor. Figure 3.3 shows the modified control scheme to control the active and 

reactive power of the AC-DC MC independently. The expected output current ref
dci  is 

generated by the PI controller to control the output voltage. Then, the output power 

reference is obtained as follows: 

 .ref ref
dc dc dcP i v  (3.5) 

Based on instantaneous power theory, the input current reference is calculated as [52]: 

 
2 2

2 2
,

3 3

ref ref ref
i s sdc

ref
ssm sm si

i v vP Q

vV V vi

  

 

     
      

      
 (3.6) 

where vsα and vsβ are the α and β components of the grid voltage in the stationary frame, 

and Qref is the input reactive power reference. By synthesizing the input current reference 

(3.6), the active and reactive power of the AC-DC MC can be controlled independently. 

By using ref
ii  and ref

ii  , the modulation index mi in (3.3) and the input current vector 

angle φi in (3.4) become: 

,s abcv

im

i
v

vi

ref
dcV

imsmV -aP bNS S

 

 Figure 3.2 Feedforward compensation for AC-DC MC using SVM. 
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The modified control scheme has the same input-output transfer function as the 

feedforward compensation method. Although constant output voltage is obtained, the input 

current reference with a fixed value of Qref leads to severe low-order harmonics in the grid 

current when the grid voltage is unbalanced, particularly third- and fifth-order harmonics 

[52]. To overcome this problem, this chapter develops a new method to calculate the input 

current reference based on a quantitative analysis of the active and reactive power flow. 

 

3.3 Proposed Control Strategy with SVM 

3.3.1 Instantaneous Power Analysis in the Stationary Frame 

In unbalanced grid voltage operation, the input voltage and current vectors of the 

AC/DC MC can be expressed as: 

 ,j t j te e  i p nv V V  (3.8) 

 ,j t j te e  i p ni I I  (3.9) 

where Vp, Vn, Ip, and In are the time phasors of the positive and negative sequence 

components of the input voltage and current, and ω is the input angular frequency. 
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Figure 3.3 Independent control scheme for active and reactive powers. 
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The instantaneous active and reactive powers at the input side of converter are expressed 

as: 

 
 *
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where 
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P0 and Q0 are the average values of the active and reactive power, and Pc2, Ps2, Qc2 and Qs2 

are the ripples of the active and reactive power. 

To eliminate the positive and negative sequence components of the input voltage and 

current in (3.12), the instantaneous power of an AC-DC MC is analyzed in the stationary 

frame (αβ frame) using the input voltage and current and their 90° lagging signals [80], [81]. 

In this chapter, x’ denotes the signal that lags behind x by 90°. The lagging signals of the 

input voltage and current vectors are expressed as follows: 
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From (3.8), (3.9), (3.13), and (3.14), the relationships between time phasors of the 

positive and negative sequence components and the signals in αβ frame are: 
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Noting that ,s sv jv   i sv v ' ' ,s sv jv   ' '
i sv v  ,i ii ji  ii and ' ' ,i ii ji  '

ii  the 

active and reactive powers are obtained by substituting (3.15) and (3.16) into (3.12): 
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where 
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vsα, vsβ, isα, isβ, v
’
sα, v

’
sβ, i

’
iα, and i’

iβ are the αβ components of the grid voltage, input current, 

and their 90° lagging signals, respectively. 

 

3.3.2 Proposed Input Current Reference 

The input current reference used to control the active and reactive power flows is 

determined by solving the set of power equations in (3.17). Since there are four controllable 

degrees of freedom (iiα, iiβ, i’
iα, and i’

iβ) for the current reference, four of the six power 

components in (3.17) can be controlled. The control objectives are to provide constant active 

power in the load and to obtain sinusoidal grid current under unbalanced grid voltage 

conditions. To achieve this goal, the average active power P0 should be equal to the output 

power reference ref
dcP , while the ripples of the active power Pc2 and Ps2 should be zero. The 

reactive power reference Qref is set to be the average reactive power Q0 to flexibly regulate 

the average input power factor. The remaining ripples of the reactive power Qc2 and Qs2 are 
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left to be uncontrolled, so reactive power ripples appear under unbalanced grid voltage 

operations.  Finally, the following relationships are applied to satisfy the desired control 

objectives: 
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 (3.19) 

Equation (3.19) is equivalently solved using (3.20) to find the four controllable variables (iiα, 

iiβ, i
’
iα, and i’

iβ). 

 

' '

' '

'' '

'' '

4

3

4

3

0

0

ref
dcis s s s

ref
is s s s

is s s s

is s s s

Piv v v v

iv v v v Q
iv v v v

iv v v v

   

   

   

   

                                     

 (3.20) 

From (3.20), the input current reference in the αβ frame is obtained as follows: 
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 (3.21) 

In (3.21), the denominators become constant from (3.22), and the numerators (vsα, vsβ, v
’
sα, 

and v’
sβ) are sinusoidal: 

 

22' '

222 2 '2 '2

( )

( ) 2( )

s s s s

s s s s

v v v v

v v v v

   

   

   

     

n p

n p

V V

V V
 (3.22) 

Therefore, sinusoidal grid current is obtained with the given constant values ref
dcP and refQ . 

However, it is unbalanced because the grid voltage is unbalanced. 

Figure 3.4 shows the control block diagram of the proposed control strategy for the AC-

DC MC to achieve a ripple-free DC voltage and current and sinusoidal grid current. The 

rectifier and inverter modes of the AC-DC MC are selected by the output power reference 

obtained from output controller in Figure 3.4(a). DC output side utilizes the constant voltage 

or current consuming mode and the constant current generating mode to absorb or supply 

active power, respectively, with the output controllers in Figure 3.4(b). A second-order 
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generalized integrator (SOGI) is adopted to obtain the lagging signal of the grid voltage 

because it can track the fundamental component of the grid voltage with zero error, even if 

the grid voltage is disturbed [82]. The modulation index mi and the input current vector 

angle φi are obtained from the input current reference in (3.21) by using (3.7) 

 

3.3.3 Maximum Controllable Output Voltage 

Under the unbalanced grid voltage conditions, the input voltage vector vi in (3.8) is 

rotating in an elliptical trajectory. Therefore, the amplitude Vim is time varying, and its 

minimum and maximum values become: 

 min ,imV  p nV V  (3.23) 

 max .imV  p nV V  (3.24) 

Substituting (3.23) into (3.2) and noting that the maximum modulation index mi
max = 1, 
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Figure 3.4 Enhanced control strategy for AC-DC MC: (a) Overall control block diagram, (b) 

Output-side controller for rectifier mode and inverter mode. 
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the maximum controllable output voltage is obtained as follows: 

 max 3
(1 )cos ,

2
dc viV   pV  (3.25) 

where /  n pV V is the unbalanced degree. 

 

3.3.4 Comparison with Conventional Methods to Achieve Sinusoidal Grid 

Currents 

There are two typical approaches to obtain sinusoidal grid current under unbalanced grid 

voltage conditions. One is based on the modulated input current vector direction by using 

positive and negative sequence components of the grid voltage [54]–[59], and the other is 

based on a closed-loop controller to regulate the input current without using grid voltage 

components [52], [60]. To obtain sinusoidal grid current when the expected average input 

reactive power is zero, previous studies [54]–[59] assigned the direction of the input current 

vector to that of a modulation vector D, which is defined as: 

 .j t j te e  p nD V V  (3.26) 

jv’
i is used to find D, and (3.27) is obtained from (3.13): 

 ( ) .j t j t j t j tj j j e j e e e        '
i p n p nv V V V V  (3.27) 

From (3.26) and (3.27), the modulation vector D is directly detected from grid voltage 

components v’
sα, and v’

sβ: 

 ' ' ' '( ) .s s s sj j v jv v jv        '
iD v  (3.28) 

Then, the input current vector angle φi is obtained from (3.28): 

  ' 'arctan / .i s sv v     (3.29) 

The input current vector with the phase angle in (3.29) is sinusoidal under the condition 

of zero average input reactive power on the AC side of the converter. 

However, as shown in (3.21), the proposed control strategy provides sinusoidal grid 

current regardless of the average input reactive power. Furthermore, the input current vector 

angle in (3.7) becomes the same angle in (3.29) by substituting Qref = 0 into (3.21): 

    ' 'arctan / arctan / .ref ref
i i i s si i v v        (3.30) 



Chapter 3. An Enhanced Control Strategy with Space Vector Modulation  28 
 

Therefore, the proposed control strategy is much more flexible to obtain sinusoidal grid 

current because the conventional methods [54]–[59] are limited to zero average input 

reactive power.  

Regarding to the previous methods used in [52] and [60], the input current was regulated 

by using a closed-loop controller. Therefore, the converter performance significantly 

depends on controller parameters. Furthermore, the current control loop suffers from 

problems with system stability. However, the proposed control strategy uses an open-loop 

method without any controller and is simpler than the previous methods in [52] and [60]. 

 

3.4 Reactive Power To Control Input Power Factor 

An LC input filter is required to eliminate the high-order harmonics in the input current 

of the AC-DC MC. However, the input filter usually results in a leading power factor on the 

grid side, especially in light load conditions. As shown in section 3.3.2, the proposed control 

strategy can flexibly control the input power factor by regulating the input reactive power 

reference in (3.21). Figure 3.5 shows the principle of the proposed input power factor 

control method. The average grid reactive power is regulated to control the input power 

factor through a PI controller. The output of the PI controller is used to calculate the input 

current reference in (3.21). Because the grid reactive power includes double grid-frequency 

ref
sQ

3

2
( )s s s sv i v i   

sq

si sv  sv  si 

refQ(3.34)
sq

 

Figure 3.5 Input power factor control for AC-DC MC. 
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oscillations, a notch filter is used to obtain the average value of the grid reactive power. The 

transfer function of the notch filter is: 
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 (3.31) 

where ωn is set to twice the grid frequency, and ξ is set to 0.707 to obtain a good dynamic 

response and good filter performance. 

To achieve an average input power factor of unity, the average grid reactive power 

reference ref
sQ is set to zero. However, the controllable input reactive power is restricted 

according to the required output power ref
outP : 
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The minimum input power factor becomes (3.33) by substituting (3.24) into (3.3): 
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By substituting (3.33) into (3.32), the maximum reactive power becomes: 
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3.5 Simulation Results 

Table 3.1 Simulation and Experimental Parameters 

Parameter Value 

Power supply 
070V 0 ,  60 Hzif  pV  

Input filter 1.5 mH, 20 F,  27 f f dL C R     

Output 10 mH, 10 ,  50 VdcL R V     

Switching frequency 10 kHzsf   
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Simulation was carried out to verify the effectiveness of the proposed control strategy 

using PSIM software. A degree of unbalance of 10% was performed by injecting a negative 

and positive sequence voltage, Vp = 70V 0o and Vn = 7V 0o, respectively. When the gird 

voltage is balanced, Vn is zero. To provide regenerative inverter operation along with power 

consuming rectifier operation, battery is used as an active load with voltage rating Vdc = 50 

V. The constant current rectifier/inverter modes are utilized to control the battery. The other 

parameters are listed in Table 3.1. 

Figures 3.6 and 3.7 show the performance of the enhanced control strategy with input 

power factor control (ECS-PFC) for rectifier mode and inverter mode, respectively, when 

the balanced grid voltage becomes unbalanced at t = 0.05 s. In the rectifier mode, three-

phase grid voltage is shown in Figure 3.6(a) when the output current reference is set at 5 A.  

 

Figure 3.6 Performances of proposed ECS-PFC for rectifier mode of the AC-DC MC (time: 

10 ms/div): (a) Grid voltages, (b) output voltage and output current, (c) grid currents, (d) grid 

and output active powers, (e) grid reactive power, and (f) grid phase-a current and voltage. 
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As shown in Figure 3.6(b), the output voltage and output current are both constant no matter 

that the input voltage is balanced or not. Figure 3.6(c) shows that the grid current remains 

sinusoidal with THDs of 3.79% and 3.88% under the balanced and unbalanced grid voltage 

conditions, respectively. As shown in Figure 3.6(d), the converter provides constant output 

power even though the grid voltage becomes unbalanced. But, the instantaneous grid active 

power includes some ripples due to the input filter. Figure 3.6(e) shows that the average grid 

reactive power is kept at zero irrespective of its oscillation, which means that near unity 

input power factor is achieved under unbalanced grid voltage. And the grid current is in 

phase with the grid voltage as shown in Figure 3.6(f). 

 When the output current reference becomes -5 A, the AC-DC MC is changed to the 

inverter mode. Simulated results for the inverter mode are shown in Figure 3.7, which 

 

 Figure 3.7 Performances of proposed ECS-PFC for inverter mode of the  AC-DC MC (time: 

10 ms/div): (a) Grid voltages, (b) output voltage and output current, (c) grid currents, (d) grid 

and output active powers, (e) grid reactive power, and (f) grid phase-a current and voltage. 
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correspond with those in Figure 3.6 for the rectifier mode. In Figure 3.7(b), the output 

current becomes negative while the output voltage remains positive to supply active power 

to the grid. As shown in Figures 3.7(d) and (e), the output power is inverted with a near 

unity power factor by keeping zero average grid reactive power. As a result, the phase angle 

difference between the grid voltage and current becomes 180o in Figure 3.7(f). Similarly to 

the rectifier mode, Figure 3.7(c) shows the sinusoidal grid current with the THDs of 3.83% 

and 3.95% under the balanced and unbalanced grid voltage conditions, respectively. From 

Figures 3.6 and 3.7, it is clear that the proposed control strategy works well in both rectifier 

and inverter modes regardless of the grid voltage conditions. 

 Figure 3.8 shows the dynamic performance of the proposed control strategy for the 

mode change between the rectifier and inverter under unbalanced grid voltage conditions. 

 

Figure 3.8 Performances of proposed ECS-PFC for mode change from rectifier to inverter of 

the  AC-DC MC (time: 10 ms/div): (a) Grid voltages, (b) output voltage and output current, 

(c) grid currents, (d) grid and output active powers, (e) grid reactive power, and (f) grid phase-

a current and voltage. 
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The output current reference is changed from 5 A to -5 A at 0.05 s. Figure 3.8(b) shows that 

the output current is tracked accurately within a very short time (3.3 ms), and the active 

power flow is changed quickly as shown in Figure 3.8(d). The grid current is kept sinusoidal 

in both operation modes as shown in Figure 3.8(c), and its THD is 3.87% in the rectifier 

mode and 3.97% in the inverter mode. In Figures 3.8(e) and (f), we can see that the average 

grid reactive power is kept at zero, and the near unity power factor is achieved regardless of 

the operation modes of the AC-DC MC. 

 

3.6 Experimental Results 

The prototype AC-DC MC in Figure 3.9 was implemented for experimental verification. 

The control system was realized using a 32-bit floating DSP TMS320F28335, and a 

EPM7128SLC84-15 was used to perform the four-step commutation. The AC/DC MC 

power system is configured by 12 IRG4PF50WD IGBTs, and the unbalanced grid voltage is 

provided by an Ametek CSW5550 programmable AC power source with positive and 

negative voltage sequences of Vp = 70V0o and Vn = 7V0o, which results an unbalance 

level of 10%. The negative voltage sequence Vn is zero in the balanced case. Since the 

rectifier and inverter modes of the AC/DC MC are controlled by the same controllers 

 
 

Figure 3.9 Experimental setup for AC-DC MC. 
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depending on the output current reference, they have similar performance as shown in 

simulated results. In experiment, the performance of the rectifier mode is effectively 

investigated with passive resistance load. The parameters in the experiment were the same 

as those used in the simulation as listed in Table 3.1. 

Figure 3.10 shows the experimental waveforms of the proposed ECS-PFC for the 

AC/DC MC under balanced grid voltage conditions. The output voltage reference is 50 V. In 

Figures 3.10(a) and (b), the output voltage and current are constant, and the grid current is 

balanced and sinusoidal under the balanced grid voltage. Figure 3.10(c) shows that the grid 

current is in phase with the grid phase voltage; that is, unity input power factor (IPF) is 

achieved, although the input current is lags behind the grid voltage. As shown in Figure 

3.10(d), the grid reactive power is controlled to be zero, and the grid active power is equal to 

the output power with constant values. From Figure 3.10, it is clear that the proposed control 

strategy for the AC/DC MC works well under balanced grid voltage conditions. 

Figures 3.11 and 3.12 show experimental comparisons of the proposed ECS-PFC with 

two conventional methods that use conventional SVM (Method I) and feedforward 

compensation (Method II) under unbalanced grid voltage conditions. The output voltage 

reference is 50 V, and the THDs were measured by using a PPA5530 Precision Power 

Analyzer. In the case of Method I, the output voltage and current contain double grid-

 

Figure 3.10 Experiment results of the proposed ECS-PFC under balanced grid voltage: (a) 

grid and output voltages, (b) grid and output currents, (c) phase-a input current, grid voltage, 

and grid current, and (d) grid active power, output power, and grid reactive power. 
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frequency ripples, and the grid current is highly distorted with THD of 5.11%, as shown in 

Figure 3.11(a). Method II shows severely distorted grid current with THD up to 10.65%, 

even though the output voltage and current are kept constant, as shown in Figure 3.11(b). In 

contrast, the output voltage and current with ECS-PFC are constant with almost sinusoidal 

grid current, as shown in Figure 3.11(c). The THD of the grid current is reduced to 4.05%, 

which complies with the IEEE Std 519 – 2014 standard [83], and the third- and fifth-order 

harmonic components are suppressed to 0.42% and 0.54%, respectively.  

Figure 3.12 shows the experimental comparison for the IPF control performance for each 

control method. As shown in Figures 3.12 (a) and (b), the input current is controlled in phase 

 
 

Figure 3.11 Experimental comparisons of grid, output voltage and current for three control 

methods under unbalanced grid voltages: (a) Method I, (b) Method II, and (c) proposed ECS-

PFC. 

 
 

Figure 3.12 Experimental comparisons of IPF and powers for three control methods under 

unbalanced grid voltages: (a) Method I, (b) Method II, and (c) proposed ECS-PFC. 
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with the input voltage with Method I and Method II by keeping the input power factor angle 

at zero. However, because of the input filter effect, the grid current leads in front of its 

corresponding grid voltage, and negative grid reactive power occurs. Consequently, the 

unity IPF is not achieved with Method I and Method II. In contrast, the average grid reactive 

power is always kept at zero with the proposed ECS-PFC, as shown in Figure 3.12(c), and a 

near unity IPF is achieved. As shown in Figure 3.12, the instantaneous grid and output 

active power oscillate with double fundamental frequency in Method I. But the output power 

with Method II and ECS-PFC is constant in spite of the instantaneous grid active power 

ripple due to the input filter. Thus, the proposed ECS-PFC shows superior performance in 

controlling the IPF compared to the conventional methods under unbalanced grid voltage 

conditions. 

To evaluate the performance corresponding to the output voltage references, Table 3.2 

shows the comparative analysis results of the THD and IPF with respect to the output 

voltage references of 40, 50, and 60 V. For all output voltage references, the proposed ECS-

PFC has the lowest THD in the grid current. As the output voltage reference decreases, the 

IPF with Method I and Method II also decreases due to the increased displacement angle of 

 Table 3.2 Performance Comparison Corresponding to Output Voltage 

Output 
voltage 

references 
ref

dcV  

Methods 

Grid phase 

a b c 

THD of sai  

(%)                                                                    
IPF 

THD of sbi  

(%)                                                                 
IPF 

THD of sci  

(%)                                                                 
IPF 

60V 

Method I 4.70 0.990 5.05 0.985 4.86 0.986 

Method II 10.97 0.982 10.33 0.972 10.96 0.984 

ECS-PFC 3.53 0.999 2.89 0.987 3.24 0.989 

50V 

Method I 5.11 0.982 5.37 0.972 5.21 0.980 

Method II 10.65 0.969 10.43 0.957 10.85 0.987 

ECS-PFC 4.05 0.999 3.42 0.989 3.99 0.988 

40V 

Method I 5.62 0.954 5.47 0.939 5.87 0.955 

Method II 10.21 0.936 10.29 0.924 10.72 0.960 

ECS-PFC 4.81 0.996 4.17 0.990 4.63 0.985 
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the input current [11]. From Table 3.2, it is clear that the proposed ECS-PFC has the best 

IPF performance, irrespective of the magnitude of the output voltage. 

Figures 3.13(a) and (b) show the dynamic performance of the proposed ECS-PFC when 

the reference output voltage suddenly changes from 40 V to 60 V and then from 60 V to 40 

V. The output voltage quickly tracks its reference value, and the average grid reactive power 

is always kept at zero during the transient period. Hence, the grid current is almost in phase 

 

Figure 3.13 Experimental results of phase-a grid voltage, grid current, output voltage, grid 

active power, output power and grid reactive power for the proposed ECS-PFC with step 

change of output voltage reference: (a) from 40 to 60 V, (b) from 60 to 40 V. 

 
 

Figure 3.14 Experimental results of phase-a grid voltage, grid current, output current, output 

voltage, grid active power, output power and grid reactive power for the proposed ECS-PFC 

with the change of resistance load: (a) from 10 to 6.67 Ω, (b) from 6.67 to 10 Ω. 
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with the grid voltage, and the IPF is near unity during the transient condition. 

Figures 3.14(a) and (b) show the dynamic performance of the proposed ECS-PFC at the 

output voltage reference 50 V when the load resistance decreases from 10 Ω to 6.67 Ω and 

then increases from 6.67 Ω to 10 Ω, respectively. As we can see, the output voltage quickly 

tracks its reference value. Moreover, the grid current is almost in phase with the grid voltage 

with zero average grid reactive power. Thus, we can say that the near unity IPF is achieved 

in spite of the load variation. 

Figures 3.15(a) and (b) show the performance of the proposed ECS-PFC under balanced/ 

distorted and unbalanced/distorted grid voltage, respectively; the grid voltage is distorted 

 

Figure 3.15 Experimental results of grid voltage, output voltage, grid current, and output 

current for the proposed ECS-PFC under: (a) balanced and distorted grid voltages, (b) 

unbalanced and distorted grid voltages. 
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Figure 3.16 Overall efficiency under different output conditions. 
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with fifth- and seventh-order harmonic components of 3.00% and 1.95%, respectively, and 

unbalanced with the unbalanced degree of 10%. Thanks to the output voltage-based PI 

controller, the output voltage and current are always kept constant in spite of the distorted 

grid voltage. The grid currents are distorted with the THDs of 6.27% and 6.76% under 

balanced/unbalanced and distorted grid voltage conditions.  

In order to evaluate the efficiency of the proposed system, the grid active power and the 

output power have been experimentally measured for the various output voltage references 

of 30, 40, 50, 60, and 70 V as shown in Figure 3.16. 

 

3.7 Summary 

This chapter presented an effective control strategy for an AC/DC MC under unbalanced 

grid voltage to achieve constant output voltage, sinusoidal grid current, and near unity input 

power factor. The proposed control strategy provides an independent control scheme for the 

active and reactive power to realize constant active and average reactive power control for 

the AC/DC MC. By analyzing the instantaneous power model in a stationary frame, the 

input current reference was sinusoidally generated in spite of the unbalanced grid voltage. 

Therefore, the proposed method easily obtains sinusoidal grid current by directly 

synthesizing the input current reference. Furthermore, the input power factor becomes 

almost near unity by adjusting the zero average grid reactive power. The proposed method 

does not require extraction of the grid voltage sequence components or the controller of 

input current, so the control scheme can be implemented easily without large storage. The 

effectiveness of the proposed control strategy was verified by simulation and experimental 

results. 
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Chapter 4 

Simplified MPC Scheme with Active 

Damping Function 

 

The MPC is applied to AC-DC MCs to achieve fast dynamic response and simple 

implementation. However, the large number of calculations required for a conventional 

MPC (C-MPC) is an obstacle for its wide application. Moreover, active damping is used to 

mitigate LC resonance on the input side, which increases the computational burden of the 

C-MPC. The control performance of the C-MPC also deteriorates under unbalanced grid 

voltage conditions. To overcome these problems, this chapter presents a simplified MPC (S-

MPC) for AC-DC MCs to reduce the computational burden. A novel method is proposed to 

realize the active damping function, which involves a damping function in the S-MPC 

without increasing the calculation time. Thus, the system performance is easily improved by 

shortening the sampling period. Furthermore, the grid current reference is generated based 

on a quantitative analysis of the power flow to achieve constant output current, sinusoidal 

grid current, and an input power factor near unity under unbalanced grid voltage. A 

simulation and experiment were done to verify the effectiveness of the proposed control 

method.
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4.1 Introduction 

Recently, MPC is emerging as an attractive method to control power converters due to 

its simple and intuitive concept, fast dynamic response, and easy inclusion of nonlinearities 

and constraints [84], [85]. Because of the discrete nature of the converter, a discrete model is 

used to select the optimal switching state by minimizing the cost function. Therefore, only 

one switching state is applied to drive the converter in each sampling period, and no 

modulation stage is needed. 

In spite of these advantages, the conventional MPC (C-MPC) for an AC-DC MC still has 

some issues to be solved. An LC filter is required on the input side of the AC-DC MC to 

reduce the high-frequency input current harmonics caused by the switching operation and 

the pollution from the AC supply. However, the MPC can easily cause LC resonance due to 

the wide input current harmonic spectrum. To design an LC input filter effectively, it is very 

important to damp the LC resonance. In case of the passive damping method, a physical 

resistor is commonly inserted in parallel or series with filter inductor [21], [86]. This method 

is easy to implement, but results in excessive power losses. To overcome this drawback, 

several active damping methods have been realized without affecting the converter 

efficiency by emulating a virtual resistor in parallel with the filter capacitor [67]–[71]. In 

[67] and [68], the output current reference is modified by adding the damping current which 

is calculated in the dq synchronous frame based on the high-frequency components of the 

capacitor voltage. In another study, the dq-axis damping current is directly controlled with 

the aid of the cost function for the MPC [70]. However, these methods in [67], [68], and [70] 

need complicated dq-transformation, and their transient responses are degraded since DC-

blocker or high-pass digital filter is used to obtain the high-frequency components of the 

capacitor voltage. To avoid these problems, the damping current was calculated in the αβ 

stationary frame without a digital filter [71]. Because the calculated damping current in [71]  

includes all high-frequency components of the capacitor voltage, the grid current waveform 

quality may be deteriorated. In order to reduce the high-frequency components included on 

damping current, a low-pass filter is incorporated in damping current calculation to 
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compromise with the decreased damping performance [69]. Even though the system 

performance is enhanced, the computational burden of the C-MPC with the active damping 

function is significantly increased due to the additional calculations for the damping current. 

To reduce the computational burden, some simplified MPC methods have been proposed 

for converter under balanced grid voltage conditions [87]–[91]. In [87] and [88], the number 

of candidate vectors to evaluate the cost function was reduced by using a lookup table. In 

[89], the required voltage vector is introduced to simplify the MPC for the VSC and three-

level neutral point clamped converter. This idea has been extended for MPC of MC to 

eliminate the prediction of the control variable and to reduce the number of candidate 

vectors for the cost function evaluation [90], [91]. The converter performance was improved 

due to the shorter sampling period. 

Unbalanced grid voltage causes ripple on the DC side and low-order harmonics on the 

grid current of the AC-DC MC. The harmonic currents containing on the input current  

result in voltage distortion, increasing power losses and heat in the electrical equipment, 

torque pulsation and noise in motors, and causing malfunction and failure of electronic 

equipment [92]. Thus, it should be managed properly to keep the desired input and output 

power quality. To drive the MC normally through unbalanced grid voltages, most studies 

have focused on SVM [52], [55]–[60]. However, only a few works have considered the 

control problem under unbalanced grid voltages for MPC, in spite of its superiority. The grid 

current has been controlled to be balanced and sinusoidal, regardless of the unbalanced grid 

voltage [93], [94]. However, according to the power balance principle, it is impossible to 

simultaneously achieve a balanced sinusoidal grid current and ripple-free on the DC side of 

the AC-DC MC under unbalanced grid voltages. By generating different grid current 

references for the MPC, another study achieved various control targets, such as 

instantaneous active-reactive power, balanced sinusoidal grid current, or unbalanced 

sinusoidal grid current and ripple-free active power [95]. However, only simulation 

verification is given and the grid current reference generation needs to extract the positive 

and negative sequence components of the grid voltage, which increases the computational 

burden. 

To solve these problems, this chapter proposes a simplified MPC (S-MPC) with an 

active damping function for an AC-DC MC under unbalanced grid voltage conditions. The 
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control objectives are provided to achieve sinusoidal grid current, an input power factor near 

unity, and constant output current. The grid current reference is generated by analyzing the 

instantaneous power model of the AC-DC MC in a stationary frame without information 

about the positive and negative sequence components of the grid voltages. Furthermore, the 

prediction process is simplified by computing only one required input current vector (RICV) 

instead of nine grid current predictions. In addition, a novel method is proposed to realize 

the active damping function without increasing the computational burden by integrating the 

damping current into the RICV. Therefore, the damping current predictions are not required 

for all possible switching states of the AC-DC MC. Thus, the execution time of the S-MPC 

is significantly reduced compared to that of the C-MPC, which improves the system 

performance thanks to the reduced sampling period. Simulation and experimental results are 

presented to demonstrate the effectiveness of the proposed S-MPC method. 

 

4.2 Conventional MPC for AC-DC MC 

4.2.1 Predictive Model of AC-DC MC 

Figure 4.1 shows the configuration of the AC-DC MC studied in this chapter. It consists 

of a three-phase AC supply, input LC filter, an AC-DC MC with six bidirectional power 

switches, an output L filter, and a resistance load R. The input-side dynamic model of the 

AC-DC MC has the following space-state representation: 

 ,
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where vi, ii, vs, and is are the input voltage, input current, grid voltage, and grid current 

vectors, respectively, and  Lf, Cf, and Rf are the input filter parameters. 

The dynamic model in (4.1) is discretized with a sampling period Ts: 
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where 
1 1 1( ) ,   ( ) .sTe s         2×2I IA A A B    

From (4.2), the capacitor voltage and the grid current are predicted for all possible 

switching states based on the measured values of vi(k), is(k), vs(k), as well as the calculated 

value of ii(k) by using (2.1) and (2.2): 

 11 12 11 12( 1) ( ) ( ) ( ) ( ),k k k k k    i i s s iv v i Γ v Γ i   (4.3) 

 21 22 21 22( 1) ( ) ( ) ( ) ( ).k k k k k    s i s s ii v i Γ v Γ i   (4.4) 

 

4.2.2 Cost Function Design 

The grid current in the AC-DC MC is coupled with the output current. Therefore, the 

grid current reference cannot be chosen arbitrarily to generate a desired output current. The 

amplitude and phase of the grid current reference are obtained separately using the active 

power balance and a phase-locked loop (PLL), respectively [91], [93]. However, because the 

current amplitude relies on the converter efficiency, it should be adjusted empirically, which 

leads to inconvenience in practical applications. To avoid this problem, the grid current 

reference is obtained directly from the grid active and reactive power reference without the 

PLL by using the instantaneous power theory [71]. The grid active power reference ref
sP is 

determined from a PI controller that is used to regulate the output current. The grid current 

 
 

Figure 4.1 Configuration of the AC-DC MC. 
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reference is then calculated as follows [71]: 

 
2 2 2 2

2 2
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3 3

ref ref ref
s s ss s
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ss s s s ss

i v vP Q

vv v v v vi

  

    

     
      

        
 (4.5) 

where ref
si  and ref

si  are the α and β components of the grid current reference, vsα and vsβ are the 

α and β components of the grid voltage, and ref
sQ is the grid reactive power reference. 

To regulate the grid current, a cost function was developed from the error between the 

current reference and its predicted value: 

 ( 1) ( 1) ,ref ref
s s s sg i i k i i k          (4.6) 

where isα(k+1) and isβ(k+1) are the α and β components of the predicted grid current in (4.4). 

In each sampling period, the switching state that results in the minimum cost function (4.6) 

is applied to control the converter. 

 

4.2.3 Delay Compensation 

In the digital implementation of the MPC, there is an inevitable delay between the 

measurement and the control output caused by the calculation time, which deteriorates the 

performance of the system. To compensate for this delay, a two-step prediction method is 

utilized [96]. The cost function for the tracking error at instant k+2 is evaluated instead of 

instant k+1 and minimized to select the optimal switching state. The applied switching state 

at instant k is used to estimate the capacitor voltage vi(k+1) and grid current is(k+1) at 

instant k+1 and based on (4.3) and (4.4), respectively. The grid current at instant k+2 is then 

predicted for all nine possible switching states from (4.4): 

 21 22 21 22( 2) ( 1) ( 1) ( 1) ( 1),k k k k k        s i s s ii v i Γ v Γ i   (4.7) 

where vs(k+1) is considered to be equal to vs(k) by ignoring the change in a short sampling 

period, and ii(k+1) is calculated using (2.1) and (2.2) by considering that idc is constant 

during the prediction process due to the large inductor of the output filter.  

To track the current at instant k+2, the cost function is modified as follows: 

 ( 2) ( 2) ,ref ref
s s s sg i i k i i k          (4.8) 

where isα(k+2) and isβ(k+2) are the α and β components of the predicted grid current in 
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(4.7). Figure 4.2 shows a control block diagram of the C-MPC for the AC-DC MC with 

delay compensation. During each sampling period, a large number of calculations are 

needed for all possible switching states, including nine grid current predictions (4.7) and 

nine cost function evaluations (4.8). The switching state that results in the minimum cost 

function (4.8) is applied to control the converter. 

 

 

4.3 Simplified MPC for AC-DC MC 

4.3.1 Grid Current Reference Generation 

Under unbalanced grid voltage conditions, the grid current reference in (4.5) includes 

severe low-order harmonics due to the grid voltage negative sequence component. To solve 

this problem, the grid instantaneous power model for grid current reference generation is 

widely expressed based on the positive and negative sequence components of the grid 

voltage and current, but this normally increase the computational burden. To avoid this 
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 Figure 4.2 Block diagram of the C-MPC for the AC-DC MC. 
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drawback, a method to express the instantaneous power in terms of the grid voltage and 

current and their 90o lagging signals is applied. Similar to the theoretical analysis in Section 

3.3.1, the grid instantaneous power model is obtained as follows: 

 0 2 2

3
Re( ) cos(2 ) sin(2 ),

2
s c sp P P t P t    *

s sv i  (4.9) 

 0 2 2

3
Im( ) cos(2 ) sin(2 ),

2
s c sq Q Q t Q t    *

s sv i  (4.10) 
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with  
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 (4.12) 

' ' ', , , , , , ,s s s s s s sv v i i v v i        and '
si  are the α and β components of the grid voltage, grid 

current, and their 90° lagging signals, respectively. 

The current reference used to control the active and reactive power flows is determined 

by solving the set of power equations in (4.11). The control objectives are provided to 

achieve a constant output current, sinusoidal grid current, and input power factor near unity 

under unbalanced grid voltage conditions. For this purpose, the average active power P0 

should be equal to the grid active power reference ref
sP , and the ripples of the active power 

Pc2 and Ps2 should be zero along with the average reactive power Q0. The remaining ripples 

of the reactive power Qc2 and Qs2 are left to be uncontrolled, so reactive power ripples 

appear under unbalanced grid voltage conditions. These constraints are satisfied by the 
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following equations: 
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From (4.13), the grid current reference in the αβ frame is obtained as follows: 
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 (4.14) 

The grid current reference becomes sinusoidal with a given constant value ref
sP . 

However, it is unbalanced because the grid voltage is unbalanced. The unbalanced grid 

current leads to another control issue such as the converter trip if one of the phase currents 

exceeds its rated value, and the system operation reliability becomes worse. To solve this 

issue, many recently presented methods for a voltage source converter are directly applied to 

the AC-DC MC based on the current reference in (4.14). For example, in order to keep the 

maximum current within the limited value, the current reference is modified according to the 

ratio of the rated current and the maximum current [97], [98]. And also, some advanced 

methods have been presented to achieve the maximum allowable active and reactive power 

transfer capability as well as the maximum current limitation [99], [100]. 

 

4.3.2 Grid Current Prediction Elimination 

The principle of the C-MPC with delay compensation is to select one input current 

vector ii(k+1) from nine possible input current vectors, which makes the predicted grid 

current is(k+2) closest to the grid current reference is
ref. To eliminate the nine grid current 

predictions in the C-MPC, the proposed S-MPC introduces a new variable RICV for 

prediction. The RICV ii
ref(k+1) that makes is(k+2) close to its reference is

ref is determined 

from (4.7) by replacing is(k+2) with is
ref: 

 21 22 21
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To select the input current vector that is closest to the RICV, a new cost function is 

defined as follows: 

 ( 1) ( 1) ( 1) ( 1) ,ref ref
i i i ig i k i k i k i k            (4.16) 

where iiα(k+1) and iiβ(k+1)  are the α and β components of the input current vector at instant 

k+1. The cost function in (4.16) is evaluated for all nine possible switching states, and only 

one switching state that leads to the minimum value of (4.16) is applied to control the AC-

DC MC. Even though the number of the cost function calculations of both the S-MPC and 

C-MPC is the same, 9 grid current predictions (4.7) are not required in (4.16); only one 

calculation of the RICV (4.15) is needed. It means that the total number of calculations of 

the S-MPC to find the most effective switching state is significantly reduced compared to 

that of the C-MPC. Thus, the overall computational burden is reduced and the computing 

time is shortened. 

 

 

4.4 Simplified MPC with Active Damping Function 

4.4.1 Active Damping Principle 

As shown in Figure 4.3, the active damping function can mitigate the LC resonance 

without affecting the converter efficiency by emulating the virtual damping resistor Rd in 

parallel with the filter capacitor [67]–[71]. Since the active damping is meant to mitigate the 

system harmonics, only the harmonic capacitor voltage h
iv  is considered to calculate the 

 

Figure 4.3 Principle of virtual resistor-based active damping method. 
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damping currents: 

 .damp

dR


h
iv

i  (4.17) 

To avoid using a digital filter to extract h
iv , the damping current is simply calculated as 

follows [71]: 

 .
ref

f

damp

d

j L

R

 
 i s sv i v

i  (4.18) 

Then, from Figure 4.3, the grid current becomes: 

 .C damps ii = i + i + i  (4.19) 

From (4.19), the active damping function can be realized by directly injecting the 

damping current into the grid current reference. Considering delay compensation, the grid 

current reference is modified as follows: 

 _ ( 2),ref ref
new damp k  s si i i  (4.20) 

where idamp(k+2) is the damping current at instant k+2: 

 
( 2) ( 2)

( 2) ,
ref

f

damp

d

k j L k
k

R

   
  i s sv i v

i  (4.21) 

where vs(k+2) is considered to be equal to vs(k), and vi(k+2)  is calculated from (4.3): 

 11 12 11 12( 2) ( 1) ( 1) ( 1) ( 1).k k k k k        i i s s iv v i Γ v Γ i   (4.22) 

By regulating the grid current reference in (4.22), the damping function can be involved 

in the MPC. There are 9 possible input currents ( 1)ii k  that produce 9 possible input 

voltages in (4.22), and 9 current damping calculations in (4.21) corresponding to 9 possible 

input voltages in (4.22) are additionally required to find the most effective switching state by 

means of the C-MPC with active damping function. Thus, the current damping calculation 

significantly increases the computational burden of the C-MPC. 

 

4.4.2 Simplified MPC with Active Damping Function 

To reduce the computational burden of the S-MPC, a novel realization method is 

proposed with an active damping function. By replacing ref
si in (4.15) with 

_
ref

newsi  in (4.20), 

the RICV is modified as follows: 
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where
5C / ,f dL R 1 11 21C ( / ),dR   2 12 22C ( / ),dR   3 11 21C (( 1) / ),dR  Γ Γ and

4 22 12C ( / )dR Γ Γ  are constant values. To regulate the RICV in (4.23), the following cost 

function is used: 

 _ _( 1) ( 1) ( 1) ( 1) .ref ref
i new i i new ig i k i k i k i k            (4.24) 

As we can see from (4.24), only one calculation of the RICV (4.23) is required to 

evaluate the cost function of the proposed S-MPC with active damping function. Therefore, 

the computational burden of the S-MPC is significantly reduced compared to that of the C-

MPC. 

Figure 4.4 shows a control block diagram of the S-MPC with active damping function 

for the AC-DC MC under unbalanced grid voltage condition. A SOGI is used to obtain the 

lagging signal of the grid voltage because it can track the fundamental component of the grid 

voltage with zero error, even if the grid voltage is disturbed [82]. 

In order to select the appropriate virtual damping resistance Rd, the transfer function 

between the grid current and the converter current is obtained from Figure 4.3: 
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 Figure 4.4 Block diagram of the S-MPC with active damping function for the AC-DC MC. 
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The virtual damping resistance Rd is calculated from (4.25) based on the LC input 

parameters and the desired damping factor ξ: 
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L
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  (4.26) 

As well known, increasing damping factor ξ results in better damping performance, but 

it leads to lower value of damping resistor. It is obvious from (4.17) that lower value of 

damping resistor leads to higher damping current containing high frequency components, 

which may deteriorate the grid current quality in the MPC. In this study, the damping factor 

is selected as ξ = 0.2, and the virtual damping resistance is determined as Rd = 19.3 Ω from 

(4.26) with the system parameters given in Table 4.1. 

 

4.5 Simulation Results 

 A simulation was carried out using PSIM software to compare the performance of the 

proposed S-MPC with the C-MPC. A degree of unbalance of 10% was applied by injecting a 

negative sequence voltage Vn=7V  0o and the positive sequence voltage Vp=70V  0o, 

respectively. When the grid voltage is balanced, Vn is zero. The other parameters are listed 

in Table 4.1. 

 Table 4.1 Simulation and Experimental Parameters 

 Parameter  Value 

 Power supply  070V 0 ,  60 Hzif  pV  

 Input filter  1.2 mH, 20 F,  19.3 f f dL C R     

 Output  10 mH, 10 L R    
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4.5.1 Waveform Quality Comparisons 

Figure 4.5 shows a performance comparison for the C-MPC with the active damping 

function (Method I), S-MPC without the active damping function (Method II), and S-MPC 

with the active damping function (Method III) when the balanced grid voltage becomes 

unbalanced at t = 0.05 s. The sampling period for the three methods is Ts = 40 μs. The output 

current reference is fixed at 5 A, and the three-phase grid voltage is illustrated in Figure 

4.5(a). As shown in Figures 4.5(b), (c), and (d), all the control methods achieve constant 

output current irrespective of the grid voltage conditions due to the PI controller regulating 

the output current. 

In the first half part of Figure 4.5, both Method I and Method III show the sinusoidal 

grid current, which means the performance of the S-MPC is equal to that of the C-MPC 

 

Figure 4.5 Simulation results of converter performance under balanced and unbalanced grid 

voltage (time: 10 ms/div): (a) Grid voltage, (b) Method I, (c) Method II, and (d) Method III. 
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when the balanced grid voltage is provided with same sampling period. However, because 

the grid current reference in the C-MPC for the AC-DC MC is determined without 

considering the unbalanced grid voltage conditions, the grid current becomes distorted when 

the grid voltage becomes unbalanced, as shown in the latter half part of Figure 4.5(b). In 

Figure 4.5(c), the grid current with Method II includes oscillations due to the limited 

damping coefficient of the input LC filter. Thanks to the active damping function, the 

oscillations in the grid current are suppressed with Method III, and sinusoidal grid current is 

achieved regardless of the grid voltage conditions, as shown in Figure 4.5(d). Thus, the 

proposed S-MPC with active damping function shows good performance under both 

balanced and unbalanced grid voltage conditions. 

Figure 4.6 shows the performance of the Method III under unbalanced grid voltage with 

the output current reference changes suddenly from 0 to 5 A. The unbalanced grid voltage is 

 

Figure 4.6 Performances of the proposed S-MPC with a suddenly change of output current 

reference (time: 10ms/div): (a) Grid voltages, (b) output current reference and output current, 

(c) grid currents, and (d) phase-a grid current and grid voltage. 
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shown in Figure 4.6(a). Figure 4.6(b) shows that the output current is tracked accurately 

within a very short time (5 ms), and the grid current is become sinusoidal when the output 

current reaches its steady-state value as shown in Figure 4.6(c). Figure 4.6(d) shows that the 

grid current is in phase with the grid voltage, which means that near unity input power factor 

is achieved quickly during the startup process. 

 

4.5.2 Influence of Shortening Sampling Period 

In order to show the influence of the shortening sampling period on the average 

switching frequency, switching losses, overall efficiency and the grid current waveform 

quality, we have investigated the S-MPC and compared to the C-MPC for various output 

current. The average switching frequency of the MPC means the average value of the 

switching frequencies of all the power switches in the power circuit [101]: 

 
{ , , }, { , }

,
6

xy

avg
x a b c y P N

f
f

 

   (4.27) 

where 
xyf is the average switching frequency of the power switch Sxy, which is obtained 

from the total number of the commutations nxy of the switch Sxy during a time period tf , i.e., 

/xy xy ff n t . It is worth noting that the switching losses do not only depend on the average 

switching frequency, but also on the losses of the power switch during one commutation, 

which is proportional to the variation of the current and voltage involved in the commutation 

process [39]: 

 ,sw c ceP k i v    (4.28) 

where k is the proportional constant, ic is the collector current and vce is the collector-emitter 

voltage of the power switch. The switching losses are calculated by using a thermal module 

in PSIM 9.0 software with IGBT-type IRG4PF50WD. The overall efficiency of the 

system is calculated as follows:  

 100%,out

s

P

P
    (4.29) 

where Pout is the output power and Ps is the grid active power. The THD is used to reflect the 

grid current waveform quality:  
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Figure 4.7 Simulation comparison of the Method I and Method III in terms of (a) the average 

switching frequency, (b) switching losses, (c) overall efficiency, and (d) THD of grid current 

versus various output currents under balanced grid voltage condition. 
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   (4.30) 

where I1 is the RMS value of the fundamental current component and Irms is the overall RMS 

value of the current. 

Figure 4.7 shows the comparisons of the Method I with sampling period Ts = 40 μs, 

Method III with sampling period Ts = 40 μs, and  Method III with sampling period Ts = 30 

μs for (a) the average switching frequency, (b) switching losses, (c) overall efficiency, and 

(d) THD of grid current versus various output current under balanced grid voltage condition, 

respectively. Comparing with the same sampling period Ts = 40 μs, the performance of the 

Method III is similar as that of the Method I as we can see from Figure 4.8(a) to (d). In case 

of the Method III with sampling period Ts = 30 μs, the method with shorter sampling period 

has higher average switching frequency as shown in Figure 4.8(a). In Figures 4.8(b) and (c), 

even though the method with shorter sampling period has higher switching losses and lower 

overall efficiency, those switching losses and overall efficiency become approximately the 

same at higher load conditions. Moreover, Figure 4.8(d) shows the THD of grid current is 

reduced significantly by means of the shorter sampling period method for all load 

conditions. Therefore, the proposed S-MPC is definitely effective when the high waveform 

quality is expected. 

 

Figure 4.8 Experimental set-up for AC-DC MC. 
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4.6 Experimental Results 

The prototype AC-DC MC in Figure 4.8 was implemented to verify the effectiveness of 

the proposed method. The control system was designed with a DSP TMS320F28335 and a 

CPLD EPM7128SLC84-15. The AC-DC MC was realized by 12 IRG4PF50WD IGBTs, and 

the unbalanced grid voltage was provided by a Chroma 61704 programmable AC power 

source with positive and negative voltage sequences of Vp=70V0o and Vn=7V0o, which 

result in a degree of unbalance of 10%. The parameters in the experiment were the same as 

those used in the simulation in Table 4.1, and all experimental results were tested under 

unbalanced grid voltage conditions. 

sq
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Figure 4.9 Experiment results of Method I under unbalanced grid voltage (time: 5 ms/div): (a) 

grid and output currents, (b) FFT spectrum of phase-a grid current, (c) phase-a grid current 

and grid voltage, (d) grid reactive power. 



Chapter 4. Simplified MPC Scheme with Active Damping Function  59 
 

In Figures 4.9, 4.10, and 4.11, the system performance is compared for Method I, 

Method II, and Method III. The sampling period was set to Ts = 40 μs for the three methods. 

The output current reference was 5 A, and THDs of the grid current were measured using a 

PPA5530 Precision Power Analyzer. As shown in Figures 4.9(a) and (b), Method I keeps the 

output current constant, but it causes a highly distorted grid current with a remarkable third-

order harmonic and THD of 11.21% because the grid current reference in the Method I is 

determined without considering the unbalanced grid voltage conditions. The instantaneous 

grid reactive power is controlled to be zero in Method I, so the grid current is in phase with 

the grid voltage, and the grid reactive power is almost zero, as shown in Figure 4.9(c) and 

4.9(d). 

dci
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Figure 4.10 Experiment results of Method II under unbalanced grid voltage (time: 5 ms/div): 

(a) grid and output currents, (b) FFT spectrum of phase-a grid current, (c) phase-a grid 

current and grid voltage, (d) grid reactive power. 
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Figure 4.10 shows the performance of Method II. There are severe oscillations in the 

grid current in Figure 4.10(a), which leads to large output current ripple. As shown in Figure 

4.10(b), the third-order harmonic of the grid current is reduced compared to Method I due to 

the quantitative analysis of the power flow. However, the THD of the grid current with 

Method II is increased to 27.54% due to the limited damping coefficient of the input LC 

filter. As shown in Figure 4.10(c), the grid current is not in phase with the grid voltage 

because the large grid reactive power ripple in Figure 4.10(d) makes it hard for the input 

power factor to be unity. 

Method III shows reduced output current ripple and damped grid current oscillation due 

to the active damping function, as shown in Figure 4.11(a). In Figure 4.11(b), the third-order 

(2A/div)
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(100VAR/div)
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Figure 4.11 Experiment results of Method III under unbalanced grid voltage (time: 5 ms/div): 

(a) grid and output currents, (b) FFT spectrum of phase-a grid current, (c) phase-a grid 

current and grid voltage, (d) grid reactive power. 
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harmonic of the grid current is eliminated, and the THD of the grid current is significantly 

reduced to 3.03%.  Furthermore, the grid current is in phase with the grid voltage, and the 

average grid reactive power is kept at zero, even though it is oscillating, as shown in Figure 

4.11(c) and (d). This means that the near-unity input power factor is achieved with Method 

III. Thus, Method III shows superior performance in controlling the grid current compared 

to Method I and Method II under unbalanced grid voltage conditions. 

Table 4.2 shows a comparison of the execution time for Method I, Method II, and 

Method III. Since the lagging signal of the grid voltage needs to be extracted, the time to 

calculate the current reference with the S-MPC (Method II and III) is slightly longer than 

Table 4.2 Comparison of Execution Times 

Tasks 
Execution times (μs) 

Method I Method II Method III 

Current reference calculation 9.29 10.06 10.10 

Prediction and cost function evaluation 16.25 7.13 7.04 

Other algorithms (ADC, SPI,…) 10.61 10.46 10.59 

Total 36.15 27.65 27.73 

 

Table 4.3 Comparison of the Number of Calculation 

Tasks 
Number of calculation 

Method I Method II Method III 

Current 

reference 

calculation 

Grid current reference 
generation si

ref  1 1 1 

RICV generation 
_

( 1) or

( 1)

i

i

i

i

ref

ref
new

k

k




 - 1 1 

Damping current 
calculation 

( 2)iv k   9 - - 

( 2)idamp k   9 - - 

Prediction and 

cost function 

evaluation 

Delay compensation 
( 1)iv k   1 1 1 

( 1)si k   1 1 1 

Grid current prediction ( 2)si k   9 - - 

Cost function  g  9 9 9 

Total 39 13 13 
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that with the C-MPC (Method I). However, thanks to the simplification of the prediction 

procedure, the time for the prediction and cost function evaluation in the S-MPC is reduced 

more than 50% compared to that of the C-MPC. Thus, the total execution time is 

significantly reduced by the S-MPC, which enables enhanced system performance by 

shortening the sampling period. Furthermore, due to the novel method to calculate the RICV, 

the total execution time of Method III is almost the same as that of Method II, even though 

the active damping function is involved. For more intuition, Table 4.3 summarizes the 

number of the required calculation for each task in these methods.  
From Table 4.2, we can apply a shorter sampling period for the S-MPC. Figure 4.12 

shows the performance of the Method III with sampling period Ts = 30 μs. Compared with 

dci
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Figure 4.12 Experiment results of Method III with Ts = 30 μs under unbalanced grid voltage 

(time: 5 ms/div): (a) grid and output currents, (b) FFT spectrum of phase-a grid current, (c) 

phase-a grid current and grid voltage, (d) grid reactive power. 
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Figure 4.11, the performance of the system is improved much more. The THD of the grid 

current is reduced to 1.31%, and there is lower ripple in the grid reactive power. 

Figures 4.13(a) and (b) show the dynamic performance of Method III with sampling 

period Ts = 30 μs when the output current reference suddenly changes from 4 to 6 A and 

from 6 to 4 A. The output current quickly tracks its reference, and the average grid reactive 

power is always kept at zero during the transient period. Thus, the grid current is almost in 

phase with the grid voltage, and an input power factor near unity is achieved in spite of the 

change in the output current reference. 
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Figure 4.13 Experiment results of the phase-a grid voltage and current, output current, and 

grid reactive power for Method III with Ts = 30 μs under unbalanced grid voltage with step 

change of output current reference (time: 10 ms/div): (a) from 4 A to 6 A, (b) from 6 A to 4 

A. 
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4.7 Summary 

This chapter has proposed an S-MPC with an active damping function for AC-DC MC 

under unbalanced grid voltage to achieve constant output current, sinusoidal grid current, 

and an input power factor near unity. The proposed method calculated only one RICV 

instead of nine grid current predictions, which significantly reduced the computing time. 

Furthermore, the novel realization method was proposed to involve the active damping 

function in the S-MPC without increasing the computational burden. Therefore, the 

execution time of the S-MPC was significantly reduced compared to that of the C-MPC, and 

the system performance was improved much better thanks to the reduced sampling period. 
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Chapter 5 

Grid Voltage Sensorless Model Predictive 

Control Scheme with Virtual Current 

Vector 

 

This chapter proposes a virtual-flux-based MPC (VF-MPC) scheme to remove the grid 

voltage sensor and enhance the grid current performance for AC-DC MC under unbalanced 

grid voltage conditions. By modeling the power flow in terms of the virtual flux (VF) and its 

90o lagging signal, the grid current reference and grid voltage are obtained simply without 

the extraction of the VF positive and negative sequence components. Furthermore, the 

number of current vectors is increased from 9 to 39 vectors by generating 30 virtual current 

vectors to minimize the grid current tracking error. Especially, to reduce the computational 

burden due to the increased number of current vectors, a preselection method is introduced 

based on the location of the input current reference, which can effectively reduce the 

number of candidate current vectors from 39 to 8. The proposed VF-MPC scheme was 

compared with previous MPC schemes, and its effectiveness was verified by a simulation 

and experiment. 
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5.1 Introduction 

The MPC has been applied to MCs to control various kinds of variables, such as the 

output current and reactive power [102], active and reactive powers [69], and grid current 

directly [103]. Among them, MPC with direct grid current control usually provides better 

performance [103]. In [104], a simplified direct current control scheme was presented to 

drive an AC-DC MC effectively even when the grid voltage is unbalanced. However, these 

MPC schemes provide relatively poor steady-state performance because only one switching 

state is applied during a sampling period. 

To improve the steady-state performance, a modulated model predictive control (M2PC) 

scheme was introduced for MCs by synthesizing the current and voltage references [105], 

[106]. However, the computational burden of M2PC is increased significantly due to the 

combination cost function calculation, which is used to select an optimal combination 

current and voltage vectors. In case of AC-DC MC, the combination cost function of the 

M2PC is eliminated by considering the location of the input current reference [50]. However, 

the online duty cycle calculation in [50] is still an obstacle to implementing AC-DC MCs 

with low computational burden. To overcome this problem, MPC was combined with 12 

virtual current vectors for an AC-DC MC, where the duty cycle was predefined for each 

switching states used to generate the virtual current vector [49]. Even though a preselection 

algorithm is applied to reduce the number of candidate current vectors, the computational 

burden is still high because the grid current prediction is needed for all candidate current 

vectors. Moreover, the MPC of the AC-DC MC requires voltage information on both sides 

of the input filter to predict the grid current. 

As well known, the voltage sensor increases hardware volume and cost and may reduce 

control reliability due to the risk of sensor malfunction. To eliminate the grid voltage sensor, 

virtual flux (VF)-based voltage estimation is known as the most common and simplest 

method [107]. However, VF estimation based on a pure integrator results in saturation and 

DC-drift problems. Several advanced methods have been proposed to achieve fast and 

accurate VF estimation [108]–[111]. Even though the methods in [108]–[111] are well 



Chapter 5. Grid Voltage Sensorless MPC Scheme with Virtual Current Vector  67 
 

established for balanced grid voltage, the accuracy of the grid voltage estimation and the 

control performance deteriorate under unbalanced grid voltage conditions. 

To improve the control performance under unbalanced grid voltage conditions, the 

positive and negative sequence components of the VF are generally considered [112]–[114]. 

A balanced sinusoidal grid current is achieved by extracting the positive sequence 

component of the VF to estimate the instantaneous power [112]. Furthermore, both the 

positive and negative sequence components of the VF are detected to generate a current 

reference corresponding to different control objectives, such as balanced sinusoidal grid 

current or unbalanced sinusoidal grid current and ripple-free grid active or reactive powers 

[113], [114]. In spite of the flexible control capability, the computational burden is usually 

increased due to the extraction of positive and negative sequence components [80], [81]. 

To enhance the grid current performance for an AC-DC MC under unbalanced grid 

voltage conditions, a VF-based grid voltage sensorless MPC (VF-MPC) scheme is proposed 

in this chapter. The grid voltage is firstly estimated by deducing its relation with the lagging 

VF irrespective of the unbalanced conditions. Then, a new instantaneous power model is 

developed in terms of the VF and its 90o lagging signal, so the grid current reference can be 

generated easily without the extraction of the VF positive and negative sequence 

components. Furthermore, a novel set of 30 virtual current vectors are also proposed to 

reduce the grid current tracking error by increasing the number of current vectors from 9 to 

39. And also, in order to reduce the computational burden caused by the increased virtual 

vector, a simple sector detection algorithm is proposed to preselect 8 from 39 current vectors 

as candidate optimal current vectors for the prediction process. Thus, the proposed VF-MPC 

can enhance the grid current performance without increasing the computational burden 

compared to a previous MPC scheme with virtual current vector in [49]. Simulation and 

experimental comparisons with different schemes in [49] and [104] are given to evaluate the 

effectiveness of the proposed scheme. 

 

5.2 Conventional VF-MPC of AC-DC MC 

5.2.1 Grid Voltage Estimation Based on VF 
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 The considering topology of an AC-DC MC in this chapter is shown in Figure 5.1. 

Based on Figure 5.1, the input side of the AC-DC MC is described by the following 

continuous-time equations: 

 ,f f

d
R L

dt
  s

s s i

i
v i v  (5.1) 

 ,f

d
C

dt
  i

s i

v
i i  (5.2) 

where vs, is, vi, and ii are the grid voltage, grid current, input voltage, and input current 

vectors, respectively, and  Lf, Cf, and Rf are the input filter parameters. 

To reduce the volume and cost and improve the reliability, the grid voltage measurement 

is replaced with VF-based grid voltage estimation. This method was originally applied for 

the voltage-sensorless control of voltage source converters (VSCs) [107]–[111]. Similarly to 

VSCs, the inductance Lf and resistance Rf of the input filter of an AC-DC MC are equivalent 

to the stator leakage inductance and resistance of a virtual AC motor. The VF vector is 

defined as follows: 

 dt s sψ v  (5.3) 

Substituting (5.1) into (5.3), the VF is obtained as follows: 

 ( )f fR dt L  s s i sψ i v i  (5.4) 
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Figure 5.1 Topology of an AC-DC MC. 
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From (5.4), the VF is estimated based on the measured values of is and vi. To avoid 

saturation and DC-drift problems caused by the pure integrator, a low-pass filter (LPF) was 

used to replace the pure integrator. However, the LPF reduces the system performance since 

it causes phase and magnitude errors in the estimated VF [108]. To eliminate these errors, a 

second-order LPF is adopted to estimate the VF [111]. The transfer function of the second-

order LPF is 

 2 2

2
( )

( )
c

LPF

c

G s
s







 (5.5) 

where the cut-off frequency c equals to the grid angular frequency. The grid voltage vector 

can be obtained from the estimated VF as follows: 

 
( )

,
j t

j td d e d
e j

dt dt dt


    s

s s

ψ ψ ψ
v ψ  (5.6) 

where ψ is the time phasor of the VF, and ω is the grid angular frequency. Under balanced 

sinusoidal grid voltage conditions, the derivative in (5.6) equals zero, and the steady-state 

estimation of the grid voltage vector is obtained as follows: 

 .js sv ψ  (5.7) 
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Figure 5.2 Block diagram of the conventional VF-MPC for the AC-DC MC. 

 



Chapter 5. Grid Voltage Sensorless MPC Scheme with Virtual Current Vector  70 
 

 

5.2.2 Conventional VF-MPC 

Figure 5.2 shows a block diagram of the conventional VF-MPC scheme for AC-DC 

MCs. The grid active power reference ref
sP  is determined from a PI controller that is used to 

regulate the output current. The grid current reference in the stationary frame (αβ frame) is 

generated to achieve sinusoidal grid current, constant output current, and near-unity grid 

power factor [104]: 
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 (5.8) 

where vsα, vsβ, v’sα, and v’sβ  are the α and β components of the grid voltage and their 90° 

lagging signals, respectively. Substituting (5.7) into (5.8), the grid current reference is 

expressed in terms of the VF: 
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 (5.9) 

To regulate the grid current, a cost function is developed from the error between the 

current reference and its predicted value:  

 ( 1) ( 1) ,ref ref
s s s sg i i k i i k          (5.10) 

where isα(k+1) and isβ(k+1) are the α and β components of the predicted grid current. To 

avoid the performance deterioration caused by the delay effect in digital implementation, a 

two-step prediction method is used. The cost function for the tracking error at instant (k+2) 

is evaluated instead of instant (k+1): 

 ( 2) ( 2)ref ref
s s s sg i i k i i k          (5.11) 

In each sampling period, the switching state that minimizes the cost function in (5.11) is 

applied to drive the converter. 
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5.3 Proposed VF-MPC 

5.3.1 VF-Based Instantaneous Power under Unbalanced Grid Voltages 

Under unbalanced grid voltage conditions, the amplitude of the VF is time-varying due 

to the grid voltage negative sequence component. This causes inaccurate grid voltage 

estimation in (5.7) and severe low-order harmonics in the grid current reference in (5.9). To 

overcome these problems, we developed a new instantaneous power model of the AC-DC 

MC in terms of the VF to generate the grid current reference. 

In an unbalanced grid voltage system without a zero sequence, the VF vector sψ and its 

90° lagging signal '
sψ  are expressed as the sum of the positive and negative sequence 

components: 

 ,j t j te e  s p nψ ψ ψ  (5.12) 
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where ψp and ψn are the time phasors of positive and negative sequence components of VF, 

respectively. From (5.12) and (5.13), the grid voltage vector is obtained based on the VF: 
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From (5.14), we can see that the grid voltage is estimated easily based on the lagging VF 

irrespective of the unbalanced conditions.  

The grid’s instantaneous active and reactive powers are generally expressed as following 

under unbalanced grid voltage conditions: 

 
0 2 2

3
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where Po and Qo are the average values of the active and reactive power, and Pc2, Ps2, Qc2, 

Qs2 are the ripples of the active and reactive powers, respectively.  

In the previous VF-based grid voltage sensorless methods [112]–[114], the 

computational burden generally increased because the positive and negative sequence 

components of the VF are used to model the active and reactive powers in (5.15) and (5.16). 

To avoid this drawback, the grid voltage sensorless method is implemented by deriving the 

active and reactive grid power components in terms of the grid current and VF in the αβ 

frame based on the relationship in (5.14): 
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where  
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where s s s s s s si i i i        ' ' ', , , , , , , and s ' are the α and β components of the grid current and 

VF and their 90° lagging signals, respectively. 

 

5.3.2 Current Reference Generation 

The grid current reference is generated according to the control objective such as active 

or reactive power ripple elimination by considering the power model in (5.17). In this study, 

the average grid reactive power is set to zero to achieve a grid power factor near unity. For 

this purpose, the average grid active power P0 is set equal to the grid active power reference 
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Ps
ref, while the active power ripples Pc2 and Ps2 should be zero to remove the ripple on DC 

side. Thus, we can obtain the following equations: 
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 (5.19) 

From (5.19), the grid current reference in the αβ frame is obtained as follows: 
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5.4 Proposed Virtual Current Vectors 

5.4.1 Proposed Virtual Current Vectors 

The number of real current vectors is limited to 9 for an AC-DC MC, which results in 

poor steady-state performance of the MPC scheme. To solve this problem, the number of the 

current vectors is increased by generating virtual current vectors for the MPC scheme. The 

virtual vector technique was originally presented to improve the performance of VSCs 

[115]–[118]. A set of 12 virtual vectors was firstly applied for the MPC of an AC-DC MC in 

[49]. Generally, the tracking error can be reduced by enlarging the control set of the MPC 

scheme. However, a large number of virtual vectors may lead to heavy computational 

burden and commutation failure due to the narrow pulse [49]. In the proposed method, the 

computational burden is reduced by using a simple preselection algorithm compared to the 

MPC scheme in [49] even though 30 virtual current vectors are used to improve the grid 

current performance of an AC-DC MC.  

Each virtual current vector virtualI is synthesized by two or three real current vectors in 

one sampling period for a prefixed time interval jt : 
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  0 1 6, , ...,real
jI I I I  (5.23) 

Table 5.1 shows the formation of the 30 virtual current vectors, and Figure 5.3 shows the 

space vector diagram of the real and virtual current vectors used in the proposed VF-MPC. 

Taking the virtual vector I7 as an example, two real vectors I1 and I0a are used to synthesize 

it with the corresponding time intervals t1 = Ts/3 and t2 = 2Ts/3, respectively. 

 

5.4.2 Preselection of Candidate Current Vector 

In spite of the enhanced performance, the large number of virtual current vectors 

significantly increases the computational burden due to the large number of calculations for 

grid current prediction and cost function evaluation. To reduce the computational burden 

without affecting the control performance, the grid current prediction for all candidate 

current vectors is replaced with the computation of only one input current reference vector 

Table 5.1 Virtual current vectors (VCVs) formations 

VCV Formation VCV Formation VCV Formation 

7I
 

8I  

9I  

10I
 

11I
 

12I  

13I
 

14I
 

15I  

16I  

1 2
1 03 3 aI I

 
1 2

2 03 3 aI I
 

1 2
3 03 3 bI I

 
1 2

4 03 3 bI I
 

1 2
5 03 3 cI I

 
1 2

6 03 3 cI I
 

2 1
1 03 3 aI I

 
1 1 1

1 2 03 3 3 aI I I 
 

2 1
2 03 3 aI I

 
1 1 1

2 3 03 3 3 bI I I   

17I
 

18I
 

19I  

20I
 

21I
 

22I  

23I
 

24I
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1 1 1
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2 1
4 03 3 bI I

 
1 1 1

4 5 03 3 3 cI I I 
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2 1
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1 1 1
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I I
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I I
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28I
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34I
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2 1
2 33 3

I I
 

1 2
2 33 3

I I
 

2 1
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I I
 

1 2
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I I
 

2 1
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I I
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4 53 3

I I
 

2 1
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I I
 

1 2
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1 2
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ii
ref. In (5.11), the cost function is used to select one input current vector ii(k+1) from the 

candidate current vectors, which makes the predicted grid current is(k+2) closest to its 

reference is
ref. Therefore, the input current reference vector ii

ref that makes is(k+2) close to its 

reference is
ref is determined as follows: 

 21 22 21

22

( 1) ( 1) ( )
,

ref
ref k k k    

 s i s s
i

i v i Γ v
i

Γ

 
 (5.24) 

where the grid current reference is
ref is calculated from (5.20), and the grid voltage vs(k) is 

estimated in (5.14). 

However, the system performance with the RICV in (5.24) may deteriorate because of 

the limited damping coefficient of the input LC filter. To solve this problem, active damping 

is widely applied to mitigate the LC resonance by emulating the virtual damping resistor Rd 
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Figure 5.3 The proposed space current vector diagram for the AC-DC MC. 
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in parallel with a filter capacitor. The RICV is modified to involve the active damping 

function in the MPC scheme, as explained in section 4.4.2: 

 5 1 2 3

4

(1 C ) C ( 1) C ( 1) C ( )
,

C

ref
ref j k k k     

 s i s s
i

i v i v
i  (5.25) 

where
5C / ,f dL R 1 11 21C ( / ),dR   2 12 22C ( / ),dR   3 11 21C (( 1) / ),dR  Γ Γ and

4 22 12C ( / )dR Γ Γ  are constant values. To select the current vector that is closest to the 

RICV, the cost function is modified as follows:  

 ( 1) ( 1) ,ref ref
i i i ig i i k i i k          (5.26) 

where ref
ii and ref

ii  are the α and β components of the RICV in (5.25), and iiα(k+1) and iiβ(k+1)  

are the α and β components of the candidate current vector. 

If all 39 input current vectors are considered as candidates, the 39 times cost function 

calculation still results in high computing time for the evaluation process. To reduce the 

number of cost function calculations, the possible candidate current vectors are preselected 

based on the located sector of the ii
ref. As shown in Figure 5.3, the space vector current 

diagram of the AC/DC MC is divided into 6 sectors, and the ii
ref sector is generally 

determined based on its phase angle. Conventionally, the phase angle is calculated by an 

arctangent function [116]–[118]: 

Table 5.2 Current sectors determination 

Constraints Sector 

0ref
ii    

3 0ref ref
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ref ref
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   (5.27) 

However, the trigonometric calculation in (5.27) is complex and time-consuming in the 

practical implementation. To overcome this problem, the space vector current diagram is 

divided into 6 sectors as shown in Figure 5.3 by three straight lines with their corresponding 

equations of the lines. As shown in Table 5.2, the sector of the current reference ii
ref is easily 

determined from Figure 5.3 without trigonometric calculation. 





2I

8I

14I

15I

26I

27I

0I i

ref
ii

16I

 
 

Figure 5.4 Candidate current vectors when the current reference ref
ii  is located in sector 2. 

Table 5.3 Preselection of Candidate Current Vectors 

Sectors Candidate current vectors 

1 0 1 7 24 13 14 36 25,  ,  ,  ,  ,  ,  ,  aI I I I I I I I  

2 0 2 8 14 15 16 26 27,  ,  ,  ,  ,  ,  ,  aI I I I I I I I
 

3 0 3 9 16 17 18 28 29,  ,  ,  ,  ,  ,  ,  bI I I I I I I I
 

4 0 4 10 18 19 20 30 31,  ,  ,  ,  ,  ,  ,  bI I I I I I I I
 

5 0 5 11 20 21 22 32 33,  ,  ,  ,  ,  ,  ,  cI I I I I I I I
 

6 0 6 12 22 23 24 34 35,  ,  ,  ,  ,  ,  ,  cI I I I I I I I
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The candidate current vectors for the prediction process are selected according to the 

located sector of the current reference ii
ref. For example, if the ii

ref is located in sector 2, 8 of 

the 39 current vectors (I0a, I2, I8, I14, I15, I16, I26, and I27) are selected as possible candidate 

current vectors to be evaluated by the cost function in (5.26), as shown in Figure 5.4. 

Similarly, all possible candidate current vectors are shown in Table 5.3 when the current 

reference ii
ref is located in different sectors. When the candidate current vectors are 

preselected, the number of cost function calculations is reduced from 39 to 8, which reduces 

the computing time significantly.  

Figure 5.5 shows a block diagram of the proposed VF-MPC with virtual current vectors 

for the AC-DC MC. During each sampling period, the current vector that minimizes the cost 

function in (5.26) is applied to drive the converter. 
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  Figure 5.5 Block diagram of the proposed VF-MPC with virtual current vectors for the AC-

DC MC. 
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5.5 Simulation Results 

 Simulations were carried out using PSIM 9.0 software to evaluate the performance of 

the proposed VF-MPC scheme. A 10% degree of unbalance was applied by injecting a 

positive sequence voltage Vp=220V0o and a negative sequence voltage Vn=22V0o. Vn is 

zero when the grid voltage is balanced. The other parameters are listed in Table 5.4.  

Figure 5.6 shows a performance comparison in the rectifier mode for the conventional 

VF-MPC (VF-MPC1) and the proposed VF-MPC (VF-MPC2) when the balanced grid 

voltage becomes unbalanced at t = 0.05 s. The output current reference is 8 A. When the 

grid voltage is balanced, the grid voltage is well estimated by both VF-MPC schemes. As 

shown in the first halves of Figures 5.6(a) and (b), both VF-MPC schemes achieve a 

constant output current and a balanced sinusoidal grid current with THD of 3.69% and 

3.87%, respectively. The grid current is kept in phase with the grid voltage, which means a 

unity grid power factor is achieved.  

However, when the grid voltage becomes unbalanced, the estimated grid voltage 

becomes inaccurate because the negative component of the VF is not considered by the VF-

MPC1. Therefore, VF-MPC1 shows large output current ripple and severe grid current 

distortion with THD of 10.62%. Both grid active and reactive powers include power ripples.  

Table 5.4 Simulation and Experimental Parameters 

System Parameters 
Values 

Simulation Experiment 

Power supply 
0220 V 0 ,  60 Hzif  pV  070 V 0 ,   60 Hzif  pV  

Rated power 1.5 kW 500 W 

Input filter 
1.2 mH,  20 μF,

0 ,   20 

f f

f d

L C

R R

 

   
 

1.2 mH,  20 μF,

0 ,   20 

f f

f d

L C

R R

 

   
 

Output 10 mH, 15 ,  150 VDCL R V     10 mH, 10 L R    

Sampling period 50 μssT   50 μssT   
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Figure 5.6 Simulation results of actual and estimated grid voltage in αβ frame, grid and 

output currents, phase-a grid voltage and current, and grid active and reactive powers for 

rectifier mode (time: 10 ms/div): (a) Conventional VF-MPC (VF-MPC1), (b) Proposed VF-

MPC (VF-MPC2). 
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Even though the average reactive power is controlled to zero, the grid power factor is 

reduced to 0.990 due to the distorted grid current, as shown in the second half of Figure 

5.6(a). In contrast, the grid voltage is estimated accurately by the VF-MPC2 regardless of 

unbalanced conditions. As shown in the second half of Figure 5.6(b), VF-MPC2 provides a 

constant output current and a sinusoidal grid current with THD of 3.98%. The grid active 

power ripple is eliminated, and the average reactive power is kept at zero, which results in a 

near unity grid power factor. From Figure 5.6, the VF-MPC2 shows good performance 

under both balanced and unbalanced grid voltage conditions. 

To verify performance of the VF-MPC2 in the inverter mode of the AC-DC MC, a 

battery with voltage rating VDC = 150 V is used as an active load in the DC side. Figure 5.7 

shows the performance of the VF-MPC2 for the inverter mode when the balanced grid 

voltage becomes unbalanced at t = 0.05 s. The output current reference is -8 A. As shown in 

Figure 5.7(a), the proposed MPC method shows sinusoidal grid current with the THDs of 

3.85% and 4.02% under the balanced and unbalanced grid voltage conditions, respectively. 

We can see that the output current is well controlled at reference values even under 

 

Figure 5.7 Simulation results of the performance of the VF-MPC2 for inverter mode (time: 10 

ms/div): (a) Grid and output currents, (b) Phase-a grid voltage and current, (c) Grid active and 

reactive powers. 
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unbalanced grid voltage condition. In Figure 5.7(b), the phase angle difference between the 

grid voltage and current becomes 180o, and a near unity power factor is achieved by keeping 

zero average grid reactive power as shown in Figure 5.7(c). In Figure 5.7(c), the negative 

grid active power means the grid active power is supplied from the battery. From Figure 5.7, 

it is clear that the proposed MPC method works well in inverter mode regardless of the grid 

voltage conditions. 

To verify the effectiveness of the proposed virtual current vector method along with VF-

MPC2, grid current THDs and switching losses were investigated with three different 

methods in rectifier mode: (a) VF-MPC2 with only real current vector [12] (Method 1), (b) 

VF-MPC2 with additional 12 virtual current vectors [16] (Method 2), and VF-MPC2 with 

the proposed 30 virtual current vectors (Method 3), as shown in Figure 5.8. The grid current 

Method 1
Method 2

Method 3

Method 1
Method 2

Method 3

 
 

Figure 5.8 Comparisons with different methods: (a) Grid current THDs, (b) Switching losses. 
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THDs are highest with Method 1 since the number of current vectors is limited to 9. 

Compared to Method 1, the grid current THDs are reduced with Method 2 by applying 12 

virtual current vectors. Furthermore, thanks to the increased number of current vectors to 39, 

the grid current THDs with Method 3 are reduced significantly compared to Method 1 and 

Method 2, as shown in Figure 5.8(a). Figure 5.8(b) shows that the switching losses with 

Method 3 increase slightly, even though the number of current vectors is much higher than 

in Method 2. Therefore, the proposed virtual current vector method is definitely effective 

when high grid current quality is expected. 

 

 

5.6 Experimental Results 

The prototype AC/DC MC in Figure 5.9 was implemented to verify the effectiveness of 

the proposed VF-MPC scheme. The control system was designed with a DSP 

TMS320F28335, and a CPLD Altera EPM7128SLC84-15. The bidirectional power switches 

were realized by two discrete IGBTs IRG4PF50WD, and the unbalanced grid voltage is 

provided by Chroma 61704 programmable AC power source with positive and negative 

 
 

Figure 5.9 Experimental set-up for AC/DC MC. 
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voltage sequences of Vp=70V  00 and Vn=7V  00, respectively, which result in a 10% 

degree of imbalance. A PPA5530 Precision Power Analyzer was used to measure the THDs 

of the grid current and the grid power factor. The parameters in the experiment are listed in 

Table 5.4, and all experimental results are obtained for rectifier mode under unbalanced grid 

voltage conditions. 

Figure 5.10 shows the experimental performance of the VF-MPC1 scheme with an 

output current reference of 5 A. Due to the inaccuracy of grid voltage estimation under 

unbalanced conditions, the output current shows large ripple, and the grid current becomes 

severely distorted with THD of 12.25%, as shown in Figure 5.10(a). In Figure 5.10(b), even 

though the average grid reactive power is controlled to zero by the VF-MPC1 scheme, the 

power factor is reduced to 0.975 because of the distorted grid current. Both grid active and 

reactive powers include ripples as shown in Figure 5.10(c). 

The experimental performance of the VF-MPC2 scheme is shown in Figure 5.11. By 

deducing the grid current reference and grid voltage from the VF and its 90o lagging signal, 

 

Figure 5.10 Experiment results for VF-MPC1 (time: 5 ms/div): (a) grid and output currents, 

(b) phase-a grid current and grid voltage, (c) grid active and reactive powers. 
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the VF-MPC2 scheme provides a constant output current and a sinusoidal grid current with 

THD of 4.01%, as shown in Figure 5.11(a). In Figure 5.11(c), the active power ripple is 

eliminated, and the average reactive power is kept at zero, which results in a high power 

factor of 0.993 as shown in Figure 5.11(b). From Figure 5.11, it is clear that VF-MPC2 

works well under unbalanced grid voltage conditions. 

In spite of sinusoidal grid current waveform, the grid THD is still high because only 9 

real current vectors are used in the VF-MPC2 scheme (Method 1) in Figure 5.11(a). To 

demonstrate the effectiveness of the virtual current vector in terms of grid current 

improvement, Figures 5.12 and 5.13 show the experimental performance of the VF-MPC2 

scheme with 12 virtual current vectors (Method 2) and the proposed 30 virtual current 

vectors (Method 3). As shown in Figures 5.12(c) and 5.13(c), the active power ripple is 

significantly eliminated, and the average reactive power is kept at zero by both methods. 

 

Figure 5.11 Experiment results for VF-MPC2 with only 9 real current vectors (Method 1) 

(time: 5 ms/div): (a) grid and output currents, (b) phase-a grid current and grid voltage, (c) 

grid active and reactive powers. 
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Figure 5.12 Experiment results for Method 2 (time: 5 ms/div): (a) grid and output currents, 

(b) phase-a grid current and grid voltage, (c) grid active and reactive powers 

 

Figure 5.13 Experiment results for Method 3 (time: 5 ms/div): (a) grid and output currents, 

(b) phase-a grid current and grid voltage, (c) grid active and reactive powers. 
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Figure 5.12(a) shows that the grid current is improved by Method 2 with a THD of 2.67% 

compared to the THD of 4.01% with Method 1. As a result, the grid power factor in Method 

2 is increased to 0.996, as shown in Figure 5.12(b). 

 Furthermore, compared with Figure 5.12, the performance of the system is improved 

much more by Method 3. The THD of the grid current is reduced to 1.98%, and the power 

 
 

Figure 5.14 Prediction time comparison (time: 5 μs/div): (a) Method 2, (b) Method 3. 

 

 

Figure 5.15 Experimental results of output current, phase-a grid voltage and current with a 

step change of output current reference from 4 A to 6 A (time: 10 ms/div): (a) Method 1, (b) 

Method 3. 
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factor is kept at almost unity (0.998), as shown in Figure 5.13. Even though the number of 

virtual current vectors is much higher with Method 3, the prediction time is reduced 

compared to Method 2 thanks to the proposed preselection method to select the candidate 

current vectors, as shown in Figure 5.14. 

The dynamic performance is compared for Method 1 and Method 3 in Figure 5.15 when 

the output current reference suddenly changes from 4 A to 6 A. The output and grid current 

responses with Method 3 are fast, almost similar to those of Method 1. This means the 

generation of virtual current vector does not affect the dynamic performance of the MPC 

scheme. Furthermore, the grid current is kept almost in phase with the grid voltage with both 

methods, so a near-unity grid power factor is achieved even in the transient process.  

Table 5.5 summaries the experimental comparison for different MPC schemes. From the 

experimental results, it is clear that the proposed VF-MPC scheme improves the grid current 

quality without grid voltage sensor in spite of unbalanced grid voltage condition. 

 

 

5.7 Summary 

This chapter has proposed a grid voltage sensorless MPC scheme by means of the VF 

concept for an AC-DC MC under unbalanced grid voltage conditions. The grid current 

reference and grid voltage are obtained by the VF and its 90o lagging signal, so the 

computation burden is reduced by avoiding extraction of the VF positive and negative 

sequence components. Moreover, the grid current performance is improved by generating 

Table 5.5 Experimental comparison for different MPC schemes 

 VF-MPC1 
VF-MPC2 

Method 1 Method 2 Method 3 

Grid current THD (%) 12.25 4.01 2.67 1.98 

Power factor 0.975 0.993 0.996 0.998 

Prediction time (μs) - 5.87 8.70 5.81 

Dynamic response (ms) - 4.42 4.45 4.45 
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several virtual current vectors to reduce the grid current tracking errors. The number of 

current vector candidates was reduced significantly from 39 to 8 by considering the location 

of the input current reference. Therefore, the computation time is not increased even though 

the number of virtual current vectors is increased compared to previous method [49]. The 

simulation and experimental results verified the superior performance of the proposed VF-

MPC scheme with virtual current vectors, and the number of voltage sensors is reduced by 

haft compared to the conventional voltage based MPC methods in [49] and [104]. 
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Chapter 6 

Model Predictive Control Scheme with 

Input Filter Power Ripple Consideration 

 

The power ripple in the input filter is normally ignored in the conventional  MPC 

scheme of an AC-DC MC under unbalanced grid voltage conditions. Unfortunately, this 

power ripple causes output power and current ripples. Some methods compensate this 

power ripple to obtain ripple-free output current. However, these methods are generally 

complicated due to the increased computational and control burden or the use of a digital 

filter to estimate the power ripple. Moreover, the compensation of power ripple results in 

current distortion on the grid side, which has yet to be fully addressed. This chapter presents 

an improved MPC scheme to simultaneously compensate input filter power ripple and 

reduce grid current distortion under unbalanced grid voltage conditions. The power ripple 

is calculated based on the grid voltage and its 90o lagging signal, which makes the 

implementation simple without grid voltage components extraction or digital filter design. 

Furthermore, a closed-loop current controller is proposed to reduce the harmonic distortion 

of the grid current. The feasibility of the proposed MPC scheme is confirmed by both 

simulation and experimental results. 
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6.1 Introduction 

A number of modified MPC schemes have been presented to drive MCs normally 

through unbalanced grid voltage conditions [93]–[95], [104]. In [93] and [94], a balanced 

sinusoidal grid currents is provided. However, this causes output current ripple for AC-DC 

MCs due to the power balance principle. Furthermore, depending on the control targets, the 

converter can provide balanced or unbalanced grid current as well as grid active or reactive 

power ripple elimination [95]. However, grid voltage positive and negative sequence 

components (P-NSCs) are usually detected to generate the grid current reference, which 

increases the control complexity. To overcome this problem, a simplified MPC scheme 

without grid voltage P-NSCs extraction is presented in  [104]. Unfortunately, it is hard to 

guarantee ripple-free output current with these methods [93]–[95], [104] since the power 

ripple in the input filter is not considered. 

To improve output current performance, the power ripple in an input filter was recently 

considered together with grid power [119]–[123]. The ripple on the DC side was eliminated 

by adding the power ripple from an input filter to the grid power reference for a PWM 

rectifier [119]–[121]. However, power ripple compensating methods [119]–[121] are not 

applicable to MCs since MCs generally use a second-order LC input filter. In [122], the P-

NSCs of the grid voltage and current are detected to model the power ripple in an LC input 

filter. In addition, a proportional resonant (PR) controller is applied to control the grid 

current. Although a ripple-free output current was achieved in [122], it requires large 

computational and control efforts. To reduce these drawbacks, a model predictive current 

control (MPCC) scheme was adopted for the input filter of an MC [123]. In [123], the power 

ripple was estimated using a digital notch filter. Then, it was added to the grid power 

reference. However, the power ripple resulted in grid current distortion. To date, this 

shortcoming has not been remedied. 

In this chapter, an improved MPC scheme is proposed to reduce both the grid current 

distortion and the output current ripple of an AC-DC MC. The power compensation is 

simply calculated by using the grid voltage and its 90o lagging signal. Thus, the proposed 
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MPC scheme is implemented easily without grid voltage P-NSCs detection or digital filter 

design. Furthermore, a closed-loop current controller is proposed to suppress the grid current 

harmonic caused by power ripple under unbalanced grid voltage conditions. The controller 

generates a grid current reference for the MPC scheme that can effectively suppress grid 

current harmonics. Simulation and experimental tests are done to confirm the feasibility of 

the proposed MPC scheme. 

 

6.2 Existing MPC Scheme with Ripple-Free Active Power 

A power circuit of an AC-DC MC is shown in Figure 6.1, where the AC-DC MC is 

connected to a three-phase power supply through an input LC filter, and a resistive load R is 

connected in the DC side through an L filter. With the relevant symbols shown in Figure 6.1, 

the relationships among the input currents iia, iib, and iic; the input voltages via, vib, and vic; 

the output current idc; and the output voltage vo are: 

 ,
ia aP aN

ib bP bN dc

ic cP cN

i S S

i S S i

i S S

   
       
      

 (6.1) 

 
 

Figure 6.1 Power circuit of AC-DC MC system. 
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 ,

T

aP aN ia

o bP bN ib

cP cN ic

S S v

v S S v

S S v

   
       
      

 (6.2) 

where Sxy (x{a,b,c} and y{P,N}) are the switching functions for each of the bidirectional 

switches. The switching function Sxy = 1 when the switch is on, and Sxy = 0 when the switch 

is off. 

The predictive model in Section 4.2.1 is utilized to obtain the predictive value of the grid 

current at the (k+1) instant: 

 21 22 21 22( 1) ( ) ( ) ( ) ( ).k k k k k      s i s s ii u i u i  (6.3) 

The dynamic model of the output side is: 

 dc
o dc

di
v L Ri

dt
   (6.4) 

Using the forward Euler approximation of (6.4) with the sampling period Ts, the output 

current is predicted as follows: 

 ( 1) 1 ( ) ( )s s
dc dc o

T R T
i k i k v k

L L

 
    

 
 (6.5) 

where vo(k) is calculated from (6.2). 

A grid current reference can be generated to satisfy various control targets under 

unbalanced grid conditions such as balancing the grid current [93], [94], active or reactive 

powers ripple elimination [95], [119]–[121], or flexible control of active and reactive power 

ripple [97], [124]. However, the normal control target for an AC-DC MC is removing the 

current ripple on the DC side while maintaining a sinusoidal grid current and a near-unity 

grid power factor [52], [104].  

In the existing MPC scheme of AC-DC MC in [104], the input active power pi is 

considered to be the same as the grid active power ps. Thus, to remove the ripple on the DC 

side, ripple-free active power Pi
ref should be provided by the grid. The grid current reference 

is generated to obtain a sinusoidal grid current, ripple-free active power, and near-unity grid 

power factor as follows:  
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where vsα, vsβ, v
’
sα, and v’

sβ are the grid voltage and their 90o lagging signals in the αβ frame.  

The unbalanced grid voltage vector can be expressed as the sum of P-NSCs: 

 ,i ij t j te e  s p nv V V  (6.7) 

where ωi is the grid angular frequency, and Vp and Vn are the time phasors of the P-NSCs of 

grid voltage. Then, the 90o lagging signal of the grid voltage vector is calculated as: 
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From (6.7) and (6.8), the grid voltage and its 90 electrical degrees delay signal are expressed 

in the αβ frame as: 
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 (6.9) 

By using (6.9), the denominator of (6.6) is calculated as: 

 
22' '( )s s s sv v v v     n pV V  (6.10) 

It is observed from (6.10) that the denominator of (6.6) is time-invariant. Thus, the 

current reference (6.6) is sinusoidal with a ripple-free active power reference Pi
ref. The input 

active power reference Pi
ref is determined by the output power reference ref

dcP  and the 

efficiency of the converter η: 

 ref ref
i dcP P   (6.11) 

where ref
dcP is calculated using the output current reference ref

dci : 

 2ref ref
dc dcP i R  (6.12) 

The output power reference in (6.12) is calculated for a resistive load R and should be 

modified if an active load such as a DC source or battery is connected on the output side 

[21], [49]. In practical applications, the efficiency η has little effect on the system 

performance, even though it is unknown and time-variant [49]. 
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To simultaneously regulate the grid and output currents, a cost function is defined to find 

the best switching state for the converter: 

    ( 1) ( 1) ( 1) ,ref ref ref
s s s s dc dcg i i k i i k i i k              (6.13) 

where λ is a weighting factor that is adjusted to handle the priority of these current variables.   

Considering the delay effect in digital implementation, the cost function is calculated at the 

(k+2) instant to avoid performance deterioration [96]: 

    ( 2) ( 2) ( 2) .ref ref ref
s s s s dc dcg i i k i i k i i k              (6.14) 

Figure 6.2 illustrates a control diagram of the existing MPC with ripple-free active 

power in [104] under unbalanced grid conditions. At each sample period, all of the valid 

switching states are used to calculated g in (6.14), and the best switching state that 

minimizes g is selected to drive the AC-DC MC. 
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Figure 6.2 Control diagram of an MPC scheme with ripple-free active power. 
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6.3 Improved MPC Scheme 

6.3.1 Input Filter Power Ripple Compensation 

In the existing MPC scheme, the active power relationship is expressed as follows:  

 s i dcp p P    (6.15) 

However, due to the instantaneous power in the input filter, the active power relationship 

should be corrected as follows: 

 s L C i dcp p p p P      (6.16) 

where pL and pC are the active powers in the inductor and capacitor of the input filter, 

respectively. The active powers in the input filter inductor and capacitor are expressed in 

terms current and voltage variables in the αβ stationary frame as: 

  3

2
L L s L sp v i v i      (6.17) 

  3

2
C i C i Cp v i v i      (6.18) 

where vLα and vLβ are the voltage drops on the input filter inductor, while iCα and iCβ are the 

current flows into the input filter capacitor. 

In practical applications, the voltage drop on the input filter inductor is usually small 

enough to be ignored. Thus, the input voltage vi can be considered to be equal to the grid 

voltage vs, and the filter inductor power pL can be ignored in comparison with the filter 

capacitor power pC. Then, the filter capacitor current is determined as follows: 

 f f

dd
C C

dt dt
  si

C

vv
i  (6.19) 

From (6.7) and (6.8), the derivative of the grid voltage is calculated using its 90o lagging 

signal as follows:  

 
d

dt
  's

s

v
v  (6.20) 

Substituting (6.19) and (6.20) into (6.18), the active power in the input filter capacitor is 

simply obtained as follows: 
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  ' '3

2
C f s s s sp C v v v v       (6.21) 

From (6.21), the power compensation is calculated using the grid voltage and its 90o 

lagging signal, which are inherently detected for grid current reference generation. Therefore, 

when compared to the methods in [122] and [123], the proposed calculation method (6.21) is 

simply implemented without extraction grid voltage sequence components or digital notch 

filter design.  

By substituting (6.9) into (6.21), the power pC is expressed as follows: 

 3 sin 2C fp C t   p nV V  (6.22) 

It is observed from (6.22) that the active power in the capacitor of the input filter 

oscillates at double the grid frequency when the grid voltage is unbalanced (Vn ≠ 0). This 

power ripple causes a double-frequency ripple on the output current, even though ripple-free 

grid active power is provided. From (6.16), the grid active power reference should be 

modified to achieve ripple-free output power and ripple-free output current: 

 0
ref ref

i L C i CP P p p P p      (6.23) 

The grid current reference is recalculated using (6.6) for the MPC scheme with power 

compensation (MPC-PC) to achieve ripple-free output current: 
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 (6.24) 

 

6.3.2 Grid Current Harmonics Suppression 

The grid active power reference oscillates as in (6.23). Thus, current harmonics are 

inevitably included in the grid current reference in (6.24). However, this effect has not been 

considered. To demonstrate a quantitative analysis of grid current harmonics, the grid 

current reference is rewritten by substituting (6.9) and (6.22) into (6.24): 
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It is observed from (6.25) that the third-order current harmonic appears on the grid 

current reference. If the grid current harmonic is left uncontrolled, the grid current THD 

increases and may not comply with IEEE Std 519 – 2014, which states that grid current 

THD should be lower than 5% for grid code compliance [83]. To suppress grid current 

harmonics, a resonant controller is introduced into the feedback path of the grid current, as 

shown in Figure 6.3. 

The closed-loop feedback controller generates a new grid current reference 

( _
ref
s newi  and _

ref
s newi  ), which is used for the improved MPC (I-MPC) scheme of the AC-DC 

MC. The resonant controller F(s) is designed to suppress the third-order current harmonic as 

follows: 

 
2 2

( )
(3 )i

Ks
F s
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 (6.26) 

where K is the resonant gain that adjusts the gain of the controller at the selected resonant 

frequency 3ωi. 
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Figure 6.3 Proposed feedback controller to suppress the grid current harmonic. 
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The closed-loop transfer function of the grid current feedback controller is obtained as 

follows: 
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( )
1 ( ) ( )
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G s
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 (6.27) 

where GMPC(s) is the transfer function from the reference current to the actual grid current. 

The actual grid current is controlled to track its reference by a cost function. Thus, the 

transfer function GMPC(s) only represents the time delay effect generated by the MPC 

scheme: 

 ( ) ssT
MPCG s e  (6.28) 

Figure 6.4 shows a Bode diagram of the closed-loop transfer function G(s) in (6.27) with 

different values of K. The resonant peak at the selected frequency 3ωi is reduced with an 

increase in K, which means a grid current reference with a lower third-order harmonic 

current is generated. However, the third-order harmonic current also contributes to 

compensating the power ripple in the input filter, as discussed in section 6.3.1. Thus, K is 

adjusted to achieve a good tradeoff between the suppression of grid current harmonic and 

the elimination of output current ripple. 

 

Figure 6.4 Bode diagram of the closed-loop transfer function G(s). 
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6.4 Simulation Results 

The effectiveness of the proposed I-MPC scheme is verified using simulation tests with 

PSIM. The P-NSCs of the grid voltage are set to Vp=100V0o and Vn=15V0o to generate 

an unbalanced degree of 15%. In the case of a balanced grid voltage, Vn = 0. The efficiency 

η is set to 1 in the simulations. Table 6.1 lists the parameters of the system. 

Figure 6.5 shows the performance of the output and grid currents in the I-MPC scheme 

with resonant gain (K) values of 100, 10, and 2. The output current reference is 5A. With the 

biggest K value, the grid current THD is lowest, while the output current ripple is largest as 

shown in Figure 6.5(a). On the other hand, the output current ripple is significantly reduced 

with the smallest K, but this causes a high grid current distortion with a THD of over 5% as 

shown in Figure 6.5(c). Figure 6.5(b) shows that the proposed I-MPC scheme with a K value 

of 10 achieves a small output current ripple, while the grid current is kept sinusoidal with a 

THD below 5%. This result coincides with the theoretical analysis in section 3.2, which 

indicates that a higher K provides a lower grid current THD but a larger output current 

ripple. However, the system stability is less affected by the change of K even though the 

waveform quality is sensitive to the value of K.  To achieve a good tradeoff between the 

output and grid current quality, the value of K is tuned finely by a trial and error method. 

With the same system parameters, a K value of 10 is selected and used for the next 

simulation.  

Figure 6.6 shows steady-state waveforms of the existing MPC (Method 1) in [104], 

Table 6.1 System Parameters 

 Parameter  Value 

 Power supply  0 0100V 0 , 15V 0 ,  60 Hzif    p nV V  

 Input filter  1.2 mH, 20 F,  0 f f fL C R     

 Output  10 mH, 10 L R    

 MPC parameters  50 ,  0.5sT s    
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MPC-PC (Method 2), and I-MPC schemes under unbalanced grid voltage conditions with an 

output current reference of 5A. Figure 6.6(a) illustrates that the Method 1 achieves a 

sinusoidal grid current with a THD of 3.32% since the grid current reference is sinusoidally 

generated in (6.6) by providing a ripple-free grid active power reference. However, the grid 

active power reference of the Method 1 is obtained by ignoring the power ripple in the input 

filter. Thus, the output current shows large ripple. The power ripple in the input filter is 

compensated in the Method 2 to provide ripple-free output current. In Figure 6.6(b), even 

though a ripple-free output current is achieved, the grid current becomes distorted with a 

THD of 7.13% since an oscillated grid active power reference is used to generate the grid 

 

  Figure 6.5 Influence of K on the output and grid currents: (a) K = 100; (b) K = 10; (c) K = 2.    
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Figure 6.6 Simulated comparison of the output current, grid current, grid active and reactive 

power, phase-a grid current and voltage for different MPC schemes under unbalanced 

conditions: (a) Method 1, (b) Method 2, (c) I-MPC.  
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current reference in (6.24). Thanks to the closed-loop feedback controller, the harmonic 

distortion in the grid current reference is reduced, even though the power ripple in the input 

filter is compensated by the I-MPC scheme. As shown in Figure 6.6(c), the I-MPC scheme 

achieves a nearly sinusoidal grid current with a THD of 3.78%, which complies with IEEE 

Std 519 – 2014. In addition, the output current ripple is highly decreased when compared 

with that in the Method 1. 

Figure 6.7 illustrates the dynamic response of the I-MPC scheme when the grid voltage 

changes from the balanced condition to the unbalanced condition at 0.05s. When the grid 

voltage is balanced, the I-MPC scheme achieves a ripple-free output current and a balanced 

sinusoidal grid current with a THD of 3.30%. Ripple-free grid active power is provided, and 

a unity grid power factor is achieved with zero grid reactive power. When the grid voltage is 

unbalanced, the proposed I-MPC can quickly achieve an almost sinusoidal grid current with 

a slightly increased THD of 3.86%, and the output current has small ripple. Moreover, a 

 

Figure 6.7 Simulated performance for the proposed I-MPC scheme: (a) grid voltage; (b) 

output current; (c) grid current; (d) grid active and reactive powers.  
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near-unity input power is obtained with zero average grid reactive power. Thus, the 

proposed I-MPC scheme shows superior performance even when the grid voltage is 

unbalanced. 

 

 

6.5 Experimental Results 

Performance was also tested experimentally to verify the feasibility of the improved 

MPC scheme. The bidirectional switches are implemented by 2 discrete IGBTs 

(IRG4PF50WD) with a common-emitter connection, and the control system is based on a 

DSP (TMS320F28335) and a CPLD (EPM7128SLC84-15). A Chroma 61704 

programmable AC source is utilized to provide an imbalanced grid voltage with P-NSCs of 

Vp=100V0o and Vn=15V0o, which leads to an  imbalanced degree of 15%. A PPA5530 

Precision Power Analyzer was used to measure the THDs of the grid current and the grid 

power factor. The parameters of the experimental setup are listed in Table 1, and the 

efficiency η was empirically adjusted to 0.92 in the experimental tests. 

Figure 6.8 shows experimental waveform of the proposed I-MPC scheme under 

balanced grid voltage conditions with an output current reference of 5A. In Figure 6.8(a), the 

output current is controlled to accurately track the given reference, and the grid current is 

sinusoidal with a low THD of 3.38%. In Figure 6.8(b), the grid current is kept almost in 

phase with the grid voltage, which results in a grid power factor of almost unity (0.994). The 

I-MPC scheme also provides ripple-free grid active power since the active power in the filter 

capacitor is zero under balanced grid voltage conditions, as demonstrated in (25). Therefore, 

it is confirmed that the proposed I-MPC scheme works effectively under balanced 

conditions. 

Figure 6.9, Figure 6.10, and Figure 6.11 show comparisons of the Method 1, Method 2, 

and I-MPC schemes under unbalanced grid voltage conditions with an output current 

reference of 5A. Figure 6.9(a) shows that the Method 1 can achieve a sinusoidal grid current 

with a low THD of 3.43%. However, the output current ripple is large since the active power 

ripple in the input filter capacitor in Figure 6.9(c) is not considered to generate the grid 
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active power reference. The FFT analysis of the grid and output currents in Figure 6.9(b) 

clearly shows that the double-frequency component becomes significant in the output 

current spectrum. Figure 6.9(c) shows that an almost unity grid power factor (0.992) is 

obtained with zero average grid reactive power. 

Figure 6.10 shows the performance of the Method 2. Thanks to the compensation of the 

power ripple in the input filter, the double-frequency current ripple is well suppressed in the 

output current as shown in Figure 6.10(a) and Figure 6.10(b).  However, the power ripple 

compensation term results in the grid active power oscillating as shown in Figure 6.10(c), 

which results in a distorted grid current. In Figure 6.10(a) and Figure 6.10(b), the grid 

current THD increases to 7.41% since the third-order harmonic appears in the grid current 

spectrum, which does not comply with IEEE Std 519 – 2014. 

 

Figure 6.8 Experimental performance of the I-MPC scheme under balanced conditions: (a) 

output and grid currents; (b) phase-a grid current and voltage, grid active power and filter 

capacitor active power.  
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 In Figure 6.10(c),  the Method 2 provides zero average grid reactive power. However, the 

power factor is reduced to 0.980 due to the distorted grid current. The experimental 

performance of the proposed I-MPC scheme with K=10 is shown in Figure 6.11. Figure 

6.11(a) and Figure 6.11(b) show that the I-MPC scheme keeps the grid current almost 

 

Figure 6.9 Experimental performance of the Method 1 under unbalanced conditions: (a) 

output and grid currents; (b) FFT of the grid phase-a and output currents; (c) phase-a grid 

current and voltage, grid active power and filter capacitor active power.  
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sinusoidal thanks to the feedback controller for grid current reference generation. In Figure 

6.11(c), the grid active power of the I-MPC scheme has a lower ripple than that of the  

Method 2 in Figure 6.10(c), which contributes to reducing the grid current distortion and 

keeping the output current ripple small. Thus, the I-MPC scheme reduces the grid current 

 

Figure 6.10 Experimental performance of the Method 2 under unbalanced conditions: (a) 

output and grid currents; (b) FFT of the grid phase-a and output currents; (c) phase-a grid 

current and voltage, grid active power and filter capacitor active power.  
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THD to 4.01%, when compared to the Method 2, and this complies with IEEE Std 519 – 

2014. The output current ripple is kept small in Figure 6.11(a) and it is reduced significantly 

when compared with that of the existing MPC scheme in Figure 6.10(a). In Figure 6.11(c), 

the grid current and voltage are almost in phase, which results in a high grid power factor of 

0.989. 

 

Figure 6.11 Experimental performance of the I-MPC scheme under unbalanced conditions: 

(a) output and grid currents; (b) FFT of the grid phase-a and output currents; (c) phase-a grid 

current and voltage, grid active power and filter capacitor active power.  
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 Figure 6.12 and Figure 6.13 show the dynamic responses for the Method 1 and the 

proposed I-MPC under imbalanced conditions. The output current reference increases from 

4 A to 6 A and decreases from 6 A to 4 A. Despite the additional feedback controller for 

generating the grid current reference, the output and grid current responses of the I-MPC 

scheme are very fast when compared to those of the Method 1. Moreover, the I-MPC 

scheme achieves much smaller output current ripples in Figure 6.13 than the Method 1 in 

Figure 6.12. As shown in Figure 6.12 and Figure 6.13, the grid current is sinusoidal with 

both schemes, and a near-unity grid power factor is obtained. The experimental results 

verify the proposed scheme’s effectiveness in reducing grid current distortion and output 

current ripple under grid voltage imbalance conditions. 

  

Figure 6.12 Dynamic responses of the Method 1 for output and grid currents, phase-a grid 

voltage and current with output current reference changing: (a) from 4 A to 6 A; (b) from 6 A 

to 4 A. 
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6.6 Summary 

This chapter proposed an improved MPC scheme for an AC-DC MC by considering the 

power ripple in the input filter under grid voltage unbalanced conditions. The output current 

ripple and the grid current harmonic distortion are simultaneously reduced by the grid 

current controller. The power ripple is calculated based on the grid voltage and its 90 

electrical degree delay signal, which are inherently detected for grid current reference 

generation. Therefore, the computational and control burdens are reduced when compared 

with previous methods. To reduce grid current distortion, a resonant controller was 

introduced in the feedback path of the grid current controller to reduce the harmonics in the 

 

Figure 6.13 Dynamic responses of the I-MPC scheme for output and grid currents as well as 

the phase-a grid voltage and current with output current reference changing: (a) from 4 A to 6 

A; (b) from 6 A to 4 A. 
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grid current reference of the MPC scheme. Simulation and experimental results verified that 

the grid current controller can effectively reduce grid current distortion and output current 

ripple without degrading the dynamic performance of the MPC scheme. 
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Chapter 7 

Conclusions and Recommendations for 

Future Works 

 

7.1 Conclusions 

The unbalanced three-phase grid voltage occurs frequently due to various grid faults or 

disturbances. Unbalanced grid voltage gives rise to ripple on the DC side and low-order 

harmonics in the grid current, which severely deteriorate the performance of the AC-DC 

MCs. To solve these problems, this thesis has developed four advanced control strategies to 

drive the AC-DC MC with high performance in term of the output current and voltage 

ripples, grid current harmonics, and grid power factor under unbalanced grid voltage 

conditions. The proposed control strategies have been developed based on SVM and MPC. 

The achieved results in this thesis can be summarized as follows: 

 Firstly, literature review of the research works on AC-DC MC and the frameworks 

as well as the objectives of this thesis have been presented in Chapter 1. In Chapter 

2, the basic operation principles and the hardware implementation problems of the 

AC-DC MC  have been presented. 

 Continuously, Chapter 3 has presented an enhanced control strategy based on an 

independent control scheme for the active and reactive powers along with the SVM. 

The proposed control strategy achieves a constant DC voltage and current, a 

sinusoidal grid current, and a near unity grid power factor without using the grid 

voltage sequence components, so the proposed control strategy is implemented easily 

without large storage requirements. The main advantage of the control strategy based 
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on SVM is that the strict knowledge of system parameters is not required. Moreover, 

the switching frequency of SVM is fixed, which is beneficial to the filter design.  

 Chapters 4 and 5 have presented two simplified MPC schemes to improve the 

steady-state performance of the grid current by shortening the sampling period and 

increasing the number of the current vectors, respectively. In addition, a novel 

method is developed to realize the active damping function without increasing the 

computational burden in Chapter 4. Furthermore, the VF-based grid voltage 

estimation technique is properly adopted in Chapter 5 to eliminate the grid voltage 

sensor in the MPC of AC-DC MC, which results in the volume and cost reduction 

and the system reliability improvement. Even though two simplified MPC schemes 

have higher switching losses, these two schemes are still effective when the high 

waveform quality is expected.   

 Although a good performance can be achieved by two MPC schemes in Chapters 4 

and 5, the effects of input filter power ripple in the output and grid current have not 

been fully addressed. Unfortunately, the power ripple compensation for ripple-free 

output current may cause grid current distortions. Chapter 6 has presented an 

improved MPC scheme to simultaneously compensate the input filter power ripple 

and reduce grid current distortions. The power ripple is calculated based on the grid 

voltage and its 90o lagging signal, which makes the implementation simple without 

grid voltage components extraction or digital filter design. In addition, a closed-loop 

current controller is developed to reduce the harmonic distortion of the grid current. 

The improved MPC scheme provides an effective way to flexibly control the output 

and grid current of AC-DC MC under unbalanced grid voltage conditions. 

 The performance of the proposed control strategies have been verified by simulation 

in PSIM and experiments on a prototype AC-DC MC. The effectiveness of the 

proposed control strategies have also demonstrated by comparing with the 

conventional and other related control strategies. 

According to the sistuation and control objective, an appropriate method should be 

selected to drive the AC-DC MC under unbalaced grid voltage conditions. A brief guideline 

is provided to select an appropriate method: 

 When the exact system parameters are unknown, the SVM-based method in chapter 
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3 is the best selection. 

 When the system parameters are known, the MPC-based methods is easy to 

implement. 

 Thanks to the low computational burden, the method in chapter 4 improves the 

waveform quality by shortening the control period. 

 The method in chapter 5 is an enhancement from the method in chapter 4. The 

features in chapter 4 are involved in chapter 5. In addition, chapter 5 presentes two 

more advanced features such as the number of voltage sensor is reduce by half, and 

the waveform quality is further improved by the proposed virtual current vector. 

However, the switching loss of the method in chapter 5 is higher than that in chapter 

4. Thus, a trade-off between the low switching loss and the high quality waveform 

should be considered to select a proper method. 

 The method in chapter 6 is an additional selection for the methods in chapter 4 and 5. 

Although the control complexity is increased, the method in chapter 6 provides a 

flexible capability to control the output current ripple and the grid current harmonics. 

 

 

 

7.2 Recommendations for Future Works 

Although unbalanced grid voltage problems have been successfully addressed in this 

thesis, three are some opportunities for extending the scope of this thesis in the future 

research. The following are some of attractive topics: 

 Development a voltage sensorless MPC scheme to eliminate all voltage sensors in 

the input side of AC-DC MC. 

 Development a robustness method to estimate the grid and input voltage for the MPC 

of AC-DC MC under unbalanced and distorted grid voltage conditions. 
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