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A New Control Method for Input–Output Harmonic  

Elimination of the PWM Boost-Type Rectifier  
Under Extreme Unbalanced Operating Conditions  

Ana Vladan Stankovic, Member, IEEE, and  Ke  Chen  

Abstract—Under severe fault conditions in the distribution sys-
tem, not only input voltages but also input impedances must be 
considered as unbalanced. This paper presents a new control 
method for input–output harmonic elimination of the pulsewidth-
modulation (PWM) boost-type rectifier under conditions of both 
unbalanced input voltages and unbalanced input impedances. The 
range of imbalance in both input voltages and input impedances, 
for which the proposed method is valid, is analyzed in detail. 
An analytical approach for complete harmonic elimination shows 
that PWM boost-type rectifier can operate at unity power factor 
under extremely unbalanced operating conditions resulting in a 
smooth (constant) power flow from ac to dc side. Based on the 
analyses in open-loop configuration, a feedforward control method 
is proposed. Elimination of harmonics at ac and dc side of the 
converter affects the cost of dc link capacitor and ac side filter. The 
proposed method is very useful when the PWM boost-type rectifier 
is subject to extreme imbalance due to severe fault conditions in 
the power system. In addition, by using the proposed method, the 
PWM boost-type rectifier can be operated from the single-phase 
supply in cases where three-phase source is not available. Simu-
lation results show excellent response and stable operation of the 
PWM boost-type rectifier under the proposed control algorithm. 
Experimental and simulation results are in excellent agreement. 

Index Terms—Harmonic elimination, pulsewidth-modulation 
(PWM) boost-type rectifier, unbalanced input voltages and im-
pedances, unity power factor. 

I. INTRODUCTION 

THE PULSEWIDTH-MODULATION (PWM) boost-type 

rectifier has been increasingly employed in recent years 

[3], [7]. It offers advantages over traditionally used phase-

controlled rectifiers in ac/dc/ac converters for variable control 

drives because of its capability for nearly instantaneous reversal 

of power flow, power factor management, and reduction of 

input harmonic distortion. Although numerous papers have 

been written about the PWM boost-type rectifier, its operation 

under unbalanced input supply voltages and impedances has 

not been analyzed in detail. Such an imbalance may occur 

frequently, particularly in weak systems. Nonuniformly distrib-

uted single-phase loads, faults, or unsymmetrical transformer 

of them. 

ance 

windings could cause imbalance in the three-phase supply both 

in magnitude and in phase. Regardless of the cause, unbalanced 

input voltages have a severe impact on the performance of the 

PWM boost-type rectifier. An unbalanced input supply results 

in the appearance of large low-order harmonics at the rectifier 

output as well as low-order harmonics in the input currents 

that pollute the utility [2]. Such harmonic pollution has been 

of the growing concern in recent years. In addition to harmonic 

pollution at the ac side of the converter, the ripple at the dc 

link is a known cause of interaction between current regula-

tors which could even cause system instability. The problem 

increases as the number of converters at the link increases. 

Attempts have been made to reduce harmonics at the input and 

the output of the PWM boost-type rectifier under unbalanced 

operating conditions [5]. However, harmonics were reduced but 

not eliminated. Enjeti and Choudhury [6] proposed a method 

of input harmonic elimination of the buck ac to dc converter. 

Stankovic and Lipo proposed a new control method for com-

plete input–output harmonic elimination of the PWM boost-

type rectifier under unbalanced operating conditions [1], [8], 

and [15]. However, this method suffers from two disadvantages: 

the power factor cannot be adjusted, and it cannot operate under 

extremely unbalanced operating conditions. 

In [10], a new control method for a three-phase PWM boost-

type rectifier based on output power control strategy was pro-

posed. Even though the harmonics were completely eliminated, 

the input power factor cannot be controlled. 

Recently, Suh et al. [9] and Suh and Lipo [11] proposed a 

control scheme in the synchronous stationary frame to improve 

the transient response of the PWM boost rectifier under unbal-

anced input conditions. A great deal of complexity is present in 

this approach. 

Ojo and Wu [12] proposed a high-performance controller for 

harmonic elimination for a line side converter under unbalanced 

input voltages and impedances. 

Even though the authors in [9], [11], and [12] considered 

the operation of the PWM boost-type rectifier under unbal-

anced input voltages and unbalanced input impedances, none 

of them considered the extreme simultaneous imbalance in both 

This paper proposes a completely new strategy in the abc 

reference frame for input output harmonic elimination of the 

PWM boost-type rectifier under extreme simultaneous imbal-

in the input voltages and impedances. The proposed 

method is general and can be used for all levels of imbalance in 

input voltages and input impedances. The power factor can be 

adjusted in addition to the harmonic elimination. Based on the 



Fig. 1. PWM boost-type rectifier under unbalanced input voltages and unbal-
anced input impedances. 

measurements of the input voltage and impedance unbalance, 

both magnitudes as well as phase angles of three input currents 

are adjusted. In spite of the level of imbalance in input voltages 

and input impedances, high quality of input currents and output 

dc voltage are obtained. The important result that follows is 

the possibility of operation of the three-phase PWM boost-type 

rectifier from a single-phase supply with essentially no input 

and output harmonics. 

Theoretical, simulation, and experimental results are in ex-

cellent agreement. 

II. THEORETICAL APPROACH 

The circuit in Fig. 1 is analyzed under the following 

assumptions. 

1) The input voltages are unbalanced. 

2) The input impedances are unbalanced. 

3) The converter is lossless. 

A. Derivation 

U1 = z1I1 + Vs1 (1) 

U2 = z2I2 + Vs2 (2) 

U3 = z3I3 + Vs3 (3) 

I1 = −I2 − I3 (4) 

S � = U1 
� I1 + U2 

� I2 + U3 
� I3 (5) 

SW1I1 + SW2I2 + SW3I3 = 0  (6) 

where U1, U2, U3, I1, I2, I3, z1, z2, z3, Vs1, Vs2, Vs3, S, 

SW1, SW2, and SW3 are input voltages, input currents, input 

impedances, synthesized voltages at the input of the rectifier, 

apparent power, and switching functions, respectively, repre-

sented as phasors. 

Equation (6) represents the condition for the second har-

monic elimination. Synthesized voltages Vs1, Vs2, and Vs3 can 

be expressed as 

Vdc
Vs1 =SW1 � (7)

2 2 
Vdc

Vs2 =SW2 � (8)
2 2 
Vdc

Vs3 =SW3 � (9)
2 2 

where Vdc is output dc voltage. 

By substituting (7)–(9) into (1)–(3), the following set of 

equations is obtained: 

Vdc
U1 = z1I1 + SW1 � (10)

2 2 

Vdc
U2 = z2I2 + SW2 � (11)

2 2 

Vdc
U3 = z3I3 + SW3 � (12)

2 2 

I1 = −I2 − I3 (13) 

S � = U1 
� I1 + U2 

� I2 + U3 
� I3 (14) 

SW1I1 + SW2I2 + SW3I3 = 0.  (15) 

For given input power S; input voltages U1, U2, and U3; input 

impedances z1, z2, and z3; input currents I1, I2, and I3 can 

be obtained from the above set of equations. By multiplying 

(10)–(12) by I1, I2, and I3, respectively, and adding them up, 

the following equation is obtained: 

= z1I
2U1I1 + U2I2 + U3I3 1 + z2I2

2 + z3I3

2 

Vdc
+ � (SW1I1 + SW2I2 + SW3I3).  (16)

2 2

By substituting (15) into (16), the following equation is 

obtained: 

U1I1 + U2I2 + U3I3 = z1I
2 + z2I

2 + z3I3

2 .  (17)1 2 

The set of six equations with six unknowns, (10) to (15), 

reduces to three equations with three unknowns and are 

given by 

I1 = − I2 − I3 (18) 

S � =U1 
� I1 + U2 

� I2 + U3 
� I3.  (19) 

Equations (17)–(19) represent a set of three equations with 

three unknowns. By substituting (18) into (17) and (19), the 

following set of equations is obtained: 

U1(−I2 −I3) + U2I2 + U3I3 

= z1(−I2 −I3)
2 + z2I2

2 + z3I
2 (20)3 

S � = −U1 
� I2 − U1 

� I3 + U2 
� I2 + U3 

� I3.  (21) 

Equation (20) can be simplified as 

I2(U2 − U1) + I3(U3 − U1) 

= (z1 + z2)I
2 + (z1 + z3)I

2 + 2z1I2I3.  (22)2 3 

From (21), current I2 can be expressed as 

S� − I3 (U3 
� − U �)1I2 = .  (23)

U � − U � 
2 1 



Finally, by substituting (23) into (22), the following equation 

is obtained: 

S� − I3 (U3 
� − U �)1 (U2 − U1) + I3(U3 − U1)

U � − U � 
2 1 

2
S�2 − 2S�I3 (U3 

� − U �) + I2 (U3 
� − U �)1 3 1= 

2(U � − U �)
2 1 

S� − I3 (U3 
� − U �)1 · (z1 + z2) + (z1 + z2)I3

2 + 2z1 � − U � . 
U

2 1 

(24) 

Equation (24) can be simplified as

  

22z1 (U3 
� − U �) (z1 + z2) (U3 

� − U �)1 1− 
2 − (z1 + z3) I3

2 

U � − U � 
2 1 (U � − U �)

2 1 

 

(U3 
� − U �) (U2 − U1)1+ (U3 − U1) − �U

2 − U
1 
� 

 

2z1S
� 2S�(z1 + z2) (U3 

� − U �)1− + 
2

I3
U � − U � (U � � 

2 1 − U )
2 1 

S�(U2 − U1) (z1 + z2)S
�2 

+ − = 0.  (25)
U � − U � (U � − U � 2 

2 1 )
2 1 

Currents I2 and I1 can be obtained from (18) and (23). Equa-

tions (18), (23), and (25) represent the steady-state solution for 

input currents under both unbalanced input voltages and unbal-

anced input impedances. An analytical solution represented by 

(25) always exists unless all the coefficients of the quadratic 

equations are equal to zero. 

By setting the value for complex power S = P + jQ in (23) 

and (25), the input power factor under unbalanced operating 

conditions can be varied 

P
pf =  (26) 

P 2 + Q2 

where P  and Q are input active and reactive power. For the 

unity power factor operation, the input reactive power Q should 

be set to zero in (23) and (25). 

B. Critical Evaluation 

The analytical solution that has been obtained is general. In 

particular, the PWM boost-type rectifier can operate with unity 

power factor and still maintain dc voltage at the output. The 

only constraint that exists, as far as the level of imbalance is 

concerned, is governed by constraints of the operation of the 

PWM bridge itself. 

The proposed generalized method for input–output harmonic 

elimination is valid if and only if Ui, zi � , 2, 3.= 0, where i = 1
In other words, the solution exists for all levels of imbalance 

in the input voltages and impedances, except for cases where 

both voltage and impedance in the same phase are equal to zero. 

Therefore, the maximum level of input voltage unbalance with 

Fig. 2. Power flow of PWM boost-type rectifier under the proposed solution. 

balanced input impedances, for which the proposed solution is 

still valid, is given as 

U1 �= 0  

U2 = U3 = 0  

z1 = z2 = z3 � .= 0

Under unbalanced input voltages and unbalanced input im-

pedances, the maximum level of imbalance, for which the 

proposed solution is still valid, is given as 

U1 �= 0  

U2 =U3 = 0  

z1 = 0  

z2 � � .= z3 = 0

From the above discussion, it follows that the three-phase 

PWM boost-type rectifier can operate from the single-phase 

supply as well (the special case of imbalance of the three-

phase system). This is an extremely important result, since 

it means that the three-phase PWM boost-type rectifier can 

operate from the center-tapped transformer as well and still 

maintain high-quality dc output voltage and ac input currents. 

In this case, input voltages and impedances are given as 

|U1| = |U3| 
�phase(U1) = 0

�phase(U3) = −180

U2 = 0  

z1 = z2 � .= z3 = 0

C. Physical Meaning of the Proposed Solution 

The harmonic elimination is achieved by nullifying the pul-

sation power PT , as shown in Fig. 2, at the input terminals of 

the converter [1], [13] 

Pin(t) = PL(t) + PT (t).  (27) 

III. CONTROL METHOD 

Based on the analysis of the open-loop configuration pre-

sented above, a feedforward control method is proposed. Input 

voltages as well as input impedances have to be measured. 



Fig. 3. Proposed closed-loop solution for input–output harmonic elimination under unbalanced input voltages and input impedances. 

Fig. 4. Linearized model of the PWM rectifier under unbalanced operating conditions and the proposed controller. 

A. Stability of the Proposed Method 
Based on this information and a dc bus error, reference currents 

are calculated according to (18), (23), and (25) which become The stability of the PWM boost-type rectifier under balanced 

reference signals for the hysteresis controller [4]. Only one operating conditions has been shown in [16]. Linearization 

PI controller is utilized, which has been shown to be sufficient about the equilibrium point has been used to derive the transfer 

for good regulation. The proposed closed-loop control method function of the rectifier under unbalanced operating conditions 

is shown in more detail in Fig. 3. and the proposed controller. The block diagram shown in Fig. 4 



Fig. 5. Output dc voltage and input ac currents of CASE 1 (simulation 
results). 

Fig. 7. Output dc voltage and input ac currents of CASE 3 (simulation 
results). 

Fig. 6. Output dc voltage and input ac currents of CASE 2 (simulation 
results). 

represents a linearization of the system around the equilibrium 

operating point 

PI(s) =  
KI + sKP 

(28) 
s 

⎧ 
⎨ G1(s) =  U1 cos φ1 − sL1I1(s) 

G2(s) =  U2 cos φ2 − sL2I2(s) (29) 
⎩ 

G3(s) =  U3 cos φ3 − sL3I3(s). 

According to stability criteria, the following relationships are 

obtained: 

CVdc
KP ≤ (30)

L1I1 + L2I2 + L3I3  

KP (U1 cos φ1 + U2 cos φ2 + U3 cos φ3) 
KI ≤ .  (31)

L1I1 + L2I2 + L3I3 

Fig. 8. Output dc voltage and input ac currents of CASE 4 (simulation 
results). 

Fig. 9. Output dc voltage and input ac currents of CASE 5 (simulation 
results). 

lated in MATLAB Simulink by using SimPowerSystems tool-

box. Seven different cases have been selected for simulation. 

Simulation results verify the feasibility of the proposed control 

IV. SIMULATION RESULTS 

The operation of the three-phase PWM boost-type rectifier 

under severe unbalanced operating conditions has been simu-



Fig. 10. Output dc voltage and input ac currents of CASE 6 (simulation 
results). 

Fig. 13. Output dc voltage and input ac currents with proposed control method 
under fault condition: U1 = 60  V, U2 = 60  V, U3 = 0  V at  t = 0.25 s, 
pf = 1. 

Fig. 11. Output dc voltage and input ac currents of CASE 7 (simulation 
results). Fig. 14. Input voltages and currents under small level of imbalance in input 

voltages and pf = 0.8 lagging. 

Fig. 12. Output dc voltage and input ac currents with standard control method 
under fault condition: U1 = 60  V, U2 = 60  V, U3 = 0  V at  t = 0.25 s, 
pf = 1. 

method. The converter operates at unity power factor with a 

stable behavior in spite of level of imbalance of the input 

conditions. Insulated gate bipolar transistor (IGBT) and diode 

Fig. 15. Input voltages and currents under small level of imbalance in input 
voltages and pf = 0.8 leading. 

templates have been designed in simulation according to the 

datasheets of the PWM Lab-Volt IGBT module used in the 

experiment. 



Fig. 16. Hardware configuration. 

Fig. 17. Software configuration. 



Seven different cases, from balanced to extremely unbal-

anced operating conditions, have been selected to demonstrate 

the proposed control method, Figs. 5–11). 

CASE 1 represents the operation of the PWM boost-type 

rectifier with the unity power factor under balanced operating 

conditions. No fault is present in this case. 

In CASE 2, the PWM boost-type rectifier operates with the 

unity power factor under balanced input voltage conditions and 

unbalanced input impedances. One inductor was completely 

removed from the circuit. 

In CASE 3, the rectifier operates at the unity power factor 

under unbalanced input voltages (single line-to-ground fault) 

and balanced input impedances. 

In CASE 4, the rectifier operates with the unity power factor 

under unbalanced input voltages (single line-ground fault) and 

unbalanced impedances. One of three-phase impedances was 

eliminated from the circuit. 

In CASE 5, the rectifier operates with the unity power factor 

under extremely unbalanced operating conditions (double line-

ground fault) and balanced impedances. 

In CASE 6, the rectifier operates with the unity power factor 

under extremely unbalanced operating conditions (double line-

ground fault) and unbalanced input impedances. One of three-

phase impedances was eliminated from the circuit. 

In CASE 7, the three-phase PWM boost-type rectifier oper-

ates with the unity power factor supplied from a center-tapped 

transformer. 

In CASES 5–7, the load power has been reduced from 250 

to 100 W in order not to exceed the current rating of the IGBTs 

in the Lab-Volt Module. In practical applications, the IGBTs 

should be rated for higher currents if the three-phase PWM 

boost-type rectifier were to be supplied from the center-tapped 

transformer. Under severe fault conditions, the load should be 

reduced if the currents exceed the ratings of the devices used in 

the PWM boost-type rectifier. 

This is an extremely important result which allows the oper-

ation of the three-phase PWM boost-type rectifier in situation 

where the three-phase supply is not available. 

Figs. 12 and 13 show the three phase currents and the output 

dc voltage under fault condition when the standard hysteresis 

controller [14] and the proposed algorithm is used. Figs. 14 and 

15 show the adjustable power factor feature of the proposed 

algorithm. 

V. EXPERIMENTAL RESULTS 

The proposed control strategy has been implemented by us-

ing MATLAB Simulink and DSPACE RT1104 control system. 

The diagram of hardware configuration is shown in Fig. 16. 

Moreover, the software configuration is shown in Fig. 17. 

MATLAB Simulink program was used to design the con-

trol loop for the PWM boost-type rectifier. Several functional 

blocks shown in Fig. 17 of the Simulink model calculate 

input current references and generate switching logic signals. 

The DSPACE RT1104 controller is embedded in MATLAB 

Simulink using the Real-Time Workshop Toolbox, which con-

verts the control logic and algorithm of the Simulink model 

into C code and downloads the code to DSPACE controller’s 

Fig. 18. Maximum switching frequency f = 25 kHz. 

memory. Then, the DSPACE controller board can run the 

code in real time and achieve the functions designed in 

Simulink. 

Three-phase IGBT module manufactured by Lab-Volt has 

been used in the power circuit. The dc link capacitor C = 
416 µF has been used in the power circuit. 

The powerful functions of MATLAB and Simulink have been 

used to calculate the current references given by (18), (23), 

and (25). It takes about 14 µs to obtain the solution to quadratic 

complex (25), (18), and (23). The switching frequency is vari-

able. Moreover, for the set value of a sampling time (20 µs) and 

the hysteresis band (20 mA), it does not exceed 25 kHz. It is 

shown in Fig. 18. 

All seven cases represented in Table I have been experimen-

tally verified. The waveforms of output dc voltage and input 

currents of seven cases are shown in Figs. 19–25. 

Although in all seven CASES, the PWM boost-type rec-

tifier operates under the unity power factor, CASE 7, the 

PWM boost-type rectifier supplied from the center-tapped 

transformer, was selected to demonstrate the unity power factor 

operation. Phase A draws reactive power from the input, while 

phase B supplies the same amount of reactive power so that the 

net input reactive power is equal to zero. 

The unity power factor operation for CASE 7 is shown in 

Figs. 26–29. Even though the phase shift between the current 

and voltage in phases A and B exists, the overall input reactive 

power Q is theoretically equal to zero. 

The phase shift between phase A  voltage and current is 

shown in Fig. 26. Current in phase A is lagging the voltage 

by 33.7�. The total reactive power supplying phase A is gi-

ven by 

Q1 = U1I1 sin(33.7�) = 93.9 Var.  (32) 

The phase shift between phase B voltage and current is 

shown in Fig. 28. Current is leading voltage by 112�. The total 

reactive power supplying phase B is given by 

Q2 = U2I2 sin(−112�) =  −89.6 Var.  (33) 



 

TABLE I  
SIMULATION CASES  

Fig. 19. Output dc voltage and input ac currents of CASE 1. Current probe— 
100 mv/A. Voltage probe—2 mV/V. 

Fig. 21. Output dc voltage and input ac currents of CASE 3. Current probe— 
100 mv/A. Voltage probe—2 mV/V. 

Fig. 20. Output dc voltage and input ac currents of CASE 2. Current probe— 
100 mv/A. Voltage probe—2 mV/V. 

The total input reactive power is given by P 
pf = = 0.9992.  (36) 

P 2 + Q2 

Q = Q1 + Q2 = 4.3 Var  (34) 
Table II shows the experimental results of the total harmonic 

P = P1 + P2 = 104.6 W.  (35) distortion (THD) obtained in all seven cases. 

Fig. 22. Output dc voltage and input ac currents of CASE 4. Current probe— 
100 mv/A. Voltage probe—2 mV/V. 

The input power factor is then given by 



Fig. 23. Output dc voltage and input ac currents of CASE 5. Current probe— 
100 mv/A. Voltage probe—2 mV/V. 

Fig. 26. Phase shift between voltage and current in phase A (CASE 7). 

Fig. 24. Output dc voltage and input ac currents of CASE 6. Current probe— 
100 mv/A. Voltage probe—2 mV/V. 

Fig. 27. Phase A current and voltage of CASE 7. 

Fig. 25. Output dc voltage and input ac currents of CASE 7. Current probe— 
100 mv/A. Voltage probe—2 mV/V. 

VI. CONCLUSION 

This paper has proposed a new control method for input out-

put harmonic elimination of the PWM boost-type rectifier under 

unbalanced input voltages and unbalanced input impedances. 

Fig. 28. Phase shift between voltage and current in phase B (CASE 7). 

The theoretical approach for complete input–output harmonic 

operation of the PWM boost-type rectifier with adjustable 

power factor was presented. The range of imbalance in input 

voltages and input impedances was analyzed in detail. Based 

on the analyses in the open-loop configuration, the closed-

loop solution was proposed. An important result that follows 

is the possible operation of the three-phase PWM boost-type 



Fig. 29. Phase B current and voltage of CASE 7. 

TABLE II 
THD OF INPUT LINE CURRENTS (EXPERIMENTAL RESULTS) 

rectifier from the single-phase supply—being the special case 

of imbalance in input voltages. Simulation and experimental 

results are in excellent agreement. 
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