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Abstract 

 

Unbalanced and distorted grid voltages cause the grid side current of a current source PWM rectifier to be heavily distorted. They 

can also cause the DC-link current to fluctuate with a huge amplitude. In order to enhance the performance of a current-source PWM 

rectifier under unbalanced and harmonic grid voltage conditions, a mathematical model of a current-source PWM rectifier is 

established and a flexible multi-objective control strategy is proposed to control the DC-link current and grid-current. The 

fundamental positive/negative sequence, 5
th
 and 7

th
 order harmonic components of the grid voltage are first separated with the 

proposed control strategy. The grid current reference are optimized based on three objectives: 1) sinusoidal and symmetrical grid 

current, 2) sinusoidal grid current and elimination of the DC-current 2
nd

 order fluctuations, and 3) elimination of the DC-current 2
nd

 

and 6
th
 order fluctuations. To avoid separation of the grid current components, a multi-frequency proportional-resonant controller is 

applied to control the fundamental positive/negative sequence, 5
th
 and 7

th
 order harmonic current. Finally, experimental results verify 

the effectiveness of proposed control strategy. 

 

Key words: Current-source PWM rectifier, Proportional-resonant controller, Suppression for harmonic current, Unbalanced and 

harmonic grid voltage 

 

I. INTRODUCTION 

Pulse Width Modulation (PWM) rectifiers can be divided 

into Voltage Source Rectifiers (VSRs) and Current Source 

Rectifiers (CSRs). Due to its simpler structure, lower power 

consumption and easier control, the VSR has been the focus of 

a lot of research for PWM rectifiers. When compared with the 

VSR, the CSR also has gained some research attention in 

recent years due to its capability in terms of short-circuit 

protection, line current harmonic mitigation, input power factor 

regulation and direct current control. Due to above advantages, 

the CSR has been widely applied in active power filters [1], 

superconducting magnetic energy storage (SMES) [2], motor 

drives [3], [4], distributed generation systems [5], [6] and other 

occasions. With the development of SMES and power devices, 

the CSR will be applied more widely. In three-phase power 

systems, the randomness of electricity consumption, uneven 

distribution for single-phase loads and other factors lead to 

imbalances of the grid voltage [7]. The conventional control 

strategies of the PWM CSR under unbalanced grid voltage 

conditions cannot control the negative-sequence components. 

As a result, the DC-link current contains even order harmonics, 

and the grid-side current becomes unbalanced and distorted 

with odd order harmonics [8]. Therefore, a corresponding 

control strategy should be proposed to improve the system 

performance. In [9], the compensating current of the CSR 

reference under unbalanced grid voltages is calculated in the 

two-phase synchronously rotating frame. However, the grid 

current cannot be controlled by a closed-loop control strategy 

and the power factor is not adjustable. In order to control the 

positive/negative sequence current, the positive/negative 

sequence components of grid current are extracted in [10]. A 
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Proportional Integral (PI) controller is adopted in the 

positive/negative sequence synchronously rotating reference 

frame. However, the control strategy still has some 

disadvantages, such as a complex three-loop control, a large 

number of parameters that need to be adjusted, and a more 

complex structure. Based on [10], the control structure is 

simplified in [11]. However, the controller still has to extract 

the positive/negative sequence components of the grid current, 

which introduces additional delays and affects the dynamic 

response of the system. To avoid the separation procedures 

between the positive and negative sequence components, a 

Proportional Integral Resonant (PIR) controller [12] and a 

Proportional Resonant (PR) controller [13] are adopted to 

control positive/negative sequence components of the VSR 

grid current. Control strategies under unbalanced grid voltages 

have been researched in [14]-[16]. However, these methods 

cannot be directly applied in CSRs for the following two 

reasons: (1) in terms of the CSR, there is large phase difference 

between the converter side current and the grid side current; (2) 

in terms of the converter side current of the CSR, when 

compared with L filter, the circuit with the LC filter is more 

likely to excite oscillations. Due to the above reasons, the 

control strategy of the CSR is more complicated under 

unbalanced voltage conditions. 

In practice, in addition to three-phase unbalanced voltages, 

there also exist some harmonics in the grid voltage. In [17], the 

DC-side power fluctuations of a PWM rectifier are suppressed. 

However, the cause and expression of the power fluctuations 

are not given. In addition, the power fluctuations and grid 

current cannot be controlled coordinately. In [18], the 2
nd

 order 

fluctuations of the DC-side power, and the 5
th
 and 7

th
 order 

harmonic fluctuations of the converter side current are all 

suppressed. However, the 6
th
 order fluctuations of the DC-side 

power are not suppressed. Then, based on [18], an improved 

control method is proposed to reduce the input harmonic 

current or power ripple, and to enhance the operation 

performance of the PWM converter in [19]-[21]. The phases of 

the 6
th
 pulsation caused by the 5

th
 and 7

th
 harmonic are different. 

However, they are superposed directly in these studies which 

introduce an error between the calculation and the 

measurement. In addition, the impact of unbalanced grid 

voltages is not considered in the control method. All of the 

control strategies in these studies are only proposed for VSRs, 

and not for CSRs. Furthermore, there is no control strategy 

proposed for a CSR under unbalanced and harmonic grid 

voltage conditions at present. 

In this paper, a mathematical model of a current-source 

PWM rectifier under unbalanced and harmonic grid voltage 

conditions is established considering the fundamental negative 

sequence, and the 5
th
 and 7

th
 order harmonic components of the 

grid voltage in section II. Based on this model, a flexible 

multi-objective control strategy is proposed to control DC and 

AC currents in section III. For the proposed multi-objective 

control strategy, a multi-frequency proportional resonant 

controller is adopted to control the positive/negative sequence 

components of the grid side current. Simulations and 

experimental results verify the effectiveness of the proposed 

control strategy in sections IV and V. Finally, some 

conclusions are drawn in section VI. 

 

II. MATHEMATICAL MODEL OF A CSR UNDER 

UNBALANCED AND DISTORTED GRID VOLTAGE 

CONDITIONS 

 

A simplified system diagram of a three-phase CSR is 

shown in Fig. 1. In Fig. 1, ea, eb and ec are the three-phase 

grid voltages; ia, ib and ic represent the three-phase grid-side 

currents; iwa, iwb and iwc represent the three-phase AC-side 

currents of the CSR; ua, ub and uc represent the three-phase 

terminal voltages; idc represents the DC-link current; L 

represents the inductance for the AC side filter; C represents 

the capacitance for the AC side filter; Ldc represents the 

DC-link inductance; and Rdc represents the DC-link load. 

Based on Fig. 1, the mathematical model in the two-phase 

stationary coordinate system is deduced as follows: 

di
L e u i R

dt

di
L e u i R

dt

α
α α α

β
β β β

⎧
= − −⎪⎪

⎨
⎪ = − −
⎪⎩

              (1) 

w

w

du
C i i

dt

du
C i i

dt

α
α α

β
β β

⎧
= −⎪⎪

⎨
⎪ = −
⎪⎩

                  (2) 

Where, R represents the parasitic resistance of the AC line 

and inductance; eα and eβ represent the components of the 

grid-side voltage in the two-phase stationary reference frame; 

uα and uβ represent the terminal voltage in the two-phase 

stationary reference frame; iα and iβ represent the components 

of the grid-side current in the two-phase stationary reference 

frame; and iwα and iwβ represent the current components of the 

AC side in the two-phase stationary reference frame. 

For a three-phase CSR without a neutral line, when the 

grid voltage is unbalanced and contains the 5
th 

and 7
th
 order 

harmonics, the dq
+
, dq

-
, dq

5-
 and dq

7 +
 reference vectors are 

shown in Fig. 2. 

As shown in Fig. 2, the dq
+
-axis is aligned with the 

positive sequence grid voltage vector rotating at the angular 

speed of ω, the dq
-
-axis is aligned with the negative sequence 

grid voltage vector rotating at the angular speed of -ω, while 

for the dq
5-

 and dq
7+

 reference frames, as can be seen from 

Fig. 2, they rotate at angular speeds of -5ω and 7ω. In 

addition, ω is the fundamental frequency of grid voltage; and 

φ, θ and γ represent initial phase shifts for the negative 

sequence of the fundamental and harmonic components of 

-5ω and 7ω, respectively. 
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Fig. 1. System diagram of a three-phase CSR. 

 

 
Fig. 2. Vector diagram of the dq+, dq-, dq5- and dq7+ reference 

frames. 

 

The apparent power Sdq can be expressed as follows: 

( )

( )

5

5

3

2

3

2

dq

j t j t j t 7j t
dq dq 5dq 7dq

j t j t j t 7j t
dq dq 5dq 7dq

e e e e
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∗
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= ⋅

= + + + ⋅

+ + +
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  (3) 

Where, E+ 

dq, E
- 

dq, E
-5 

dq  and E+7 

dq  represent the fundamental 

positive/negative sequence components, the 5
th
 negative 

sequence and 7
th
 positive sequence components of the grid 

voltage, respectively. I + 

dq , I
- 

dq , I
-5 

dq  and I +7 

dq  represent the 

fundamental positive/negative sequence components, the 5
th
 

negative sequence components and the 7
th
 positive sequence 

components of the grid current, respectively. 

The instantaneous active power and reactive power can be 

expressed as follows: 

( )

( )

( ) ( ) ( )

( ) ( )
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(5) 

As represented in (4)-(5), the instantaneous output power 

contains some harmonic components under distorted grid 

voltage conditions. The average terms P0 and Q0 are the 

active and reactive powers which are given by (6)-(7). Pc2, Ps2, 

Qc2 and Qs2 represent the cosine and sine terms with the 2
nd

 

order component of the active and reactive powers, 

respectively, as shown in (8). In addition Pc4, Ps4, Qc4 and Qs4 

represent the cosine and sine terms with the 4
th
 order 

component of active and reactive powers, respectively, as 

shown in (9). P5c6, P5s6, Q5c6 and Q5s6 represent the cosine and 

sine terms with the 6
th
 order component of the active and 

reactive powers that are caused by the 5
th
 order harmonic, as 

shown in (10). Meanwhile, P7c6, P7s6, Q7c6 and Q7s6 represent 

the cosine and sine terms with the 6
th
 order component of the 

active and reactive powers that are caused by the 7
th
 order 

harmonic, as shown in (11). Pc8, Ps8, Qc8, Qs8, Pc12, Ps12, Qc12 

and Qs12 represent the cosine and sine terms with the 8
th
 and 

12
th
 order components of the active and reactive powers, 

respectively, as shown in (12)-(13). 
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It is worth noting that the 2
nd

 and 6
th
 order components are 

only introduced by the interactions between the fundamental 

positive/negative sequence components and the harmonic 

components of the grid voltage or current. In addition, the 4
th
, 

8
th
 and 12

th
 order components are only caused by the 

interactions among the fundamental, 5
th
 and 7

th
 order 

harmonic components of the grid voltages and grid currents. 

As a result, the 4
th
, 8

th
 and 12

th
 order harmonics, which 

behave less significantly when compared with the 2
nd

 and 6
th
 

order harmonics, can be ignored in the system control design. 

 

III. CONTROL STRATEGY FOR A CSR UNDER 

UNBALANCED AND DISTORTED GRID VOLTAGE 

CONDITIONS 

A. Extraction Method of Unbalanced and Distorted Voltage 

Components 

The extraction of the fundamental positive/negative 

sequence and harmonic voltage components is the premise of 

the proposed control method. Since all of the components of 

grid voltage cannot be separated by the conventional 

second-order generalized integrator (SOGI), the multiple 

second-order generalized integrator (MSOGI) technique is 

adopted in the paper [22]. 

When the grid voltage is unbalanced, the positive sequence 

voltage component in the two-phase stationary reference 

frame can be expressed as follows: 

11

12

q

q
αβ αβ
+

−⎡ ⎤
= ⎢ ⎥

⎣ ⎦
E E               (14) 

Similarly, the negative sequence component can be 

expressed by: 

11

12

q

q
αβ αβ
−

⎡ ⎤
= ⎢ ⎥−⎣ ⎦

E E               (15) 

where, Eαβ represents the voltage vector in the α-β reference 

frame; E+ 

αβ and E- 

αβ represent the positive/negative sequence 

voltage vectors in the α-β reference frame respectively; q is a 

90 degree lagging phase-shifting operator. 

According to (14) and (15), the conventional double 

second-order generalized integrator (DSOGI) can be 

introduced to obtain positive/negative sequence components 

in the α-β reference frame. 

 
Fig. 3. Diagram of a second order generalized integrator quadrature 

single generator. 

The second-order generalized integrator resting on a 

frequency locked loop (SOGI-FLL）is frequency adaptive. Its 

schematic diagram is shown in Fig. 3. In addition, the 

frequency locked loop (FLL) is capable of tracking the 

fundamental frequency of the system. As shown in Fig. 3, the 

input signal of the SOGI-FLL is v, and the output signals are 

the fundamental components of v, which is denoted as v′ and 

its quadrature signal is qv′. Orthogonalization is achieved by 

the SOGI for quadrature-signals generation. 

The transfer functions are expressed as follows: 

( ) ( )
2 2

v k s
D s s

v s k s

ω

ω ω

′ ′
= =

′ ′+ +

           (16) 

( ) ( )
2

2 2

qv k
Q s s

v s k s

ω

ω ω

′ ′
= =

′ ′+ +

          (17) 

The amplitudes of D(s) and Q(s) at ω′ are both unit. In 

addition, Q(s) is 90-degrees lagged from D(s). If the FLL is 

capable of tracking the frequency accurately, v′ becomes the 

same as v, and the qv′ output is 90 degrees lagged from the v′ 

output, which is independent of the other parameters. 

The quadrature-signals of the fundamental components in 

the α-axis and β-axis are obtained by the DSOGI. Then, the 

positive/negative sequence components of the grid voltage in 

the α-β coordinate system are obtained by the positive/ 

negative sequence calculation (PNSC) block given in (14) 

and (15). 

When the grid voltage contains the 5
th
 and 7

th
 order 

harmonics, the output of the conventional DSOGI is 

significantly distorted. Meanwhile, the 5
th
 and 7

th
 order 

components of the grid voltage cannot be separated by the 

DSOGI. Cross feedback SOGIs are adopted to detect the 

harmonic components of the grid voltage under unbalanced 

and harmonic grid voltage conditions [22]. The extraction 

method is called the multiple second-order generalized 

integrator FLL (MSOGI-FLL), as shown in Fig. 4. 

As can be seen from Fig. 4, the MSOGI-FLL consists of 3 

individual DSOGI-QSGs working in collaboration by using a 

cross feedback network. The inputs of the FLLs are provided 

by DSOGI-QSG-1, which is tuned at the fundamental 

frequency. In addition, the tuning frequencies of DSOGI- 
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QSG-5 and DSOGI-QSG-7 are set by 5 times and 7 times the 

fundamental frequency detected by the FLL. Furthermore, the 

input for each of the DSOGI-QSGs is the error between the 

original signal v and the other output of DSOGI-QSGs, which 

filtered out the other components detected by the rest of the 

DSOGI-QSGs. 

As shown in Fig. 4, the output of SOGI-QSG-1, 

SOGI-QSG-5 and SOGI-QSG-7 are: 

( )( )1 5 7v D s v v vαβ αβ αβ αβ′ ′ ′= − −          (18) 

( )( )5 5 7v D s v v vαβ αβ αβ αβ′ ′ ′= − −          (19) 

( )( )7 7 5v D s v v vαβ αβ αβ αβ′ ′ ′= − −          (20) 

Where: 
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1 22
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D s

s k s

ω

ω ω

′
=

′ ′+ +

            (21) 
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5 22
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ω

ω ω
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          (22) 
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7 22
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ω

ω ω

′
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          (23) 

According to (18) - (20): 
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According to (24)-(26), bode diagrams of a MSOGI-FLL 

are shown in Fig. 5. Taking the 5
th
 order component as an 

example, as can be seen in Fig. 5(b), (25) does not suppress 

the 5
th
 order harmonic. However, it has a notch on the 

fundamental and the 7
th
 order harmonic. Furthermore, the 

conventional DSOGI has no obvious effect on the fundamental 

 

 
Fig. 4. Block diagram of a MSOGI-FLL. 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. Bode diagrams of a MSOGI-FLL: (a) Bode diagram of 

DSOGI-QSG-1; (b) Bode diagram of DSOGI-QSG-5; (c) Bode 

diagram of DSOGI-QSG-7. 

 

or the 7
th
 order harmonic. Similarly, the MSOGI-FLL also 

has a notch at the other frequencies, as shown in Fig. 5(a) and 

Fig. 5(c). As a result, under unbalanced and harmonic grid 

voltage conditions, the selective filtering characteristic for 

each of the DSOGI-QSGs is improved and its response is 

enhanced when compared with the dashed line, which 

represent bode diagrams of conventional DSOGI-QSG in Fig. 5. 
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Fig. 6. Control structure of a CSR under unbalanced and harmonic voltage conditions. 

 

B. Control Strategy 

Under unbalanced and harmonic grid voltage conditions, 

the negative sequence, and 5
th
 and 7

th
 order harmonic 

components of the grid voltage lead to imbalance and 

distortion for the grid side current. These harmonic 

components result in fluctuations of the DC-link current, 

which causes the 2
nd

 and 6
th
 and to a lesser extent the 4

th
, 8

th
 

and 12
th
 order harmonics. In addition, the DC-link current 

and instantaneous power fluctuate, which can lead to a 

malfunction of the grid protection device, or even damage to 

the rectifier. Therefore, an improved control strategy should 

be proposed to reduce the distortion and imbalance of the grid 

current as well as fluctuations of the DC-link current. 

A schematic of the proposed control strategy is shown in 

Fig. 6. As can be seen, the PI controller is adopted in the 

outer current loop. It can also be seen that its output works as 

the reference of the DC voltage. Firstly, the voltage reference 

is multiplied by the DC-link current reference to obtain the 

active power reference P* 

ref. Then, the active power reference 

P* 

ref, reactive power reference Q* 

ref and each component of the 

grid voltage are directly transformed into the calculation 

module of the current reference. Its outputs are reference 

signals of the fundamental positive/negative sequence as well 

as the 5
th
 and 7

th
 order components of the grid current. 

Secondly, the error between the grid current reference and the 

grid current in the two-phase stationary reference frame is fed 

to the multi-frequency proportional-resonant (MFPR) controller 

of the inner loop. Finally, PWM signals are generated for the 

IGBTs in the bridge of the inverter. 

A block diagram and bode diagram of the MFPR controller 

are shown in Fig. 7. In Fig. 7(a), ω0, ωc and Kp represent the 

fundamental frequency, cut-off frequency and scale 

parameter of the grid voltage, respectively. KI1、KI5 and KI7 

represent integral parameters at the fundamental, 5
th
 and 7

th
  

 
(a) 

 
(b) 

Fig. 7. MFPR controller with 5th and 7th harmonic compensation: 

(a) block diagram of a MFPR; (b) bode diagram of a MFPR.  

 

order frequency, respectively. As shown in Fig. 7(b), the 

Gain of the MFPR at ω0, 5ω0 and 7ω0 is extremely high when 

compared with the other frequencies. Thus, the MFPR can 

track the fundamental frequency as well as the 5
th
 and 7

th
 

order harmonic signals with negligible error. It can also 

control the 5
th
 and 7

th
 order harmonic components. 

When the grid voltage is unbalanced and contains the 5
th
 

and 7
th
 order harmonics, the grid voltage is multiplied by the 
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fundamental positive sequence components of the grid current 

to obtain power. Due to the existence of negative sequence as 

well as the 5
th
 and 7

th
 order harmonic components, the power 

contains 2
nd

 and 6
th
 order fluctuations, leading to 2

nd
 and 6

th
 

order fluctuations of the DC-link current. Therefore, in order 

to eliminate the 2
nd

 and 6
th
 order fluctuations of the DC-link 

current, the grid current has to contain some negative 

sequence and harmonic components. In addition, there is a 

tradeoff between the elimination of imbalance, distortion of 

the grid current and suppression of DC-current fluctuations. 

Therefore, for different control objects, the corresponding 

references of the grid current must be calculated. 

There are three specific objectives shown in the following 

part: 

 

1) Obtaining a Sinusoidal, Symmetrical Grid Current 

This objective can be launched when there are no demands 

in terms of the quality of the DC current under unbalanced 

and harmonic grid voltage conditions, such as electric 

smelting, which does not have a bad influence on the grid 

while satisfying the application. To ensure that the grid 

current is sinusoidal and symmetrical, the reference values of 

the fundamental negative sequence as well as the 5
th
 and 7

th
 

order components should be set to zero. Substituting (6) into 

(7) yields: 

0

50

2

3 0 0 0

0 0 02

3

g
d

d 5d 7dd

q q 7qg
q

d

P
i =

i = i = i =e

i = i = i =Q
i =

e

∗

+∗

−∗ −∗ +∗+

−∗ −∗ +∗∗

+∗

+

⎧
⎪ ×

⎧ ⎧ ⎧⎪⎪ ⎪ ⎪ ⎪
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⎪⎩

     (27) 

 

2) Obtaining a Sinusoidal Grid Current and Eliminating the 

2
nd

 Order Fluctuations of the DC-link Current 

This objective can be launched when there are low 

demands in terms of the quality of the DC current under 

unbalanced and harmonic grid voltage conditions, such as 

motor drivers. In order to eliminate the 2
nd

 order harmonic of 

the DC-link current, the harmonic current can be regulated to 

achieve the control objectives with the constant DC-link 

current, by ensuring that: 

2

2

0

0

c

s

P =

P =

∗

∗

⎧⎪
⎨
⎪⎩

                 (28) 

Substituting (28) into (8) yields: 

1
*

0
*

0

*

*

2
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0
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     (29) 

According to (29), the reference values of the fundamental 

positive/negative sequence current are calculated as follows: 

( ) ( ) ( )

( ) ( ) ( )

0
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          (30) 

Coincidentally, according to (27), to ensure a sinusoidal 

grid current, the reference values of the 5
th
 and 7

th
 order 

components for the grid current should be set to zero, which 

is shown in (31). 

5

0 0

0 0

5d 7d

q 7q

i = i =

i = i =

−∗ +∗

−∗ +∗

⎧ ⎧⎪ ⎪
⎨ ⎨
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             (31) 

3) Eliminating the 2
nd

 and 6
th
 Order Harmonics of the 

DC-link Current 

This objective can be launched when the demand in terms 

of the quality of the DC current is extremely high under 

unbalanced and harmonic grid voltage conditions, such as 

precise instruments and medical equipment. In order to 

eliminate the 2
nd

 and 6
th
 order harmonic of the DC-link 

current, the harmonic currents can be regulated to achieve the 

control objective with the constant DC-link current, by 

ensuring that: 

2

2

0 0 0
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c 5c6 7c6

s 5s6 7s6
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         (32) 

Substituting (32) into (8), (10) and (11) yields: 
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TABLE I  

EXPERIMENT PARAMETERS 

Rated source voltage 60V 

Grid voltage frequency 50Hz 

AC-link inductance 3mH 

AC-link capacitance 50μF 

DC-link current 10A 

DC-link inductance 12mH 

DC-link load resistance 3Ω 

PWM frequency 5kHz 

 

According to (33), the reference values of the fundamental 

positive/negative sequence as well as the 5th and 7th order 

components can be calculated as shown in (34).  

 

IV. SIMULATION RESULTS 

In order to verify the effectiveness of the proposed control 

strategy, simulations are carried out based on the 

MATLAB/Simulink platform. The parameters of the CSR 

system are shown in TABLE I. Both the 5
th
 and 7

th
 order 

harmonic component contents of the grid voltage are set at 

10% throughout the entire simulation. In addition, the 

imbalance degree of the grid voltage is set at 10%. The 

resulting grid voltage waveform is shown in Fig. 8. 

Under unbalanced and harmonic grid voltage conditions, 

the conventional control strategy is adopted in the CSR 

system. However, the conventional single PI current control 

scheme is not capable of effectively controlling the 

fundamental negative-sequence or the 5
th
 and 7

th
 order 

currents. Its simulation results are shown in Fig. 9. In Fig. 9, 

the grid current is unbalanced and harmonically distorted. In 

addition, the total harmonic distortion (THD) is 18.57% and 

the dc-link current contains pulsations at frequencies of 6ω 

and 2ω. Furthermore, the fluctuation is ± 0.4A, which is 

consistent with the mathematical expression derived above. 

The proposed improved control with objective 1 is 

employed to obtain a sinusoidal, symmetrical grid-side 

current. The grid current and DC-link current are shown in 

Fig. 10. When compared with the conventional control 

strategy, the grid-side current is more symmetrical and the 

harmonic component is effectively suppressed. The THD is 

2.81%. However, 2
nd

 and 6
th
 order fluctuations of the DC-link 

current still exist. In addition, its magnitude is ± 0.4A. The 

grid voltage is unbalanced and distorted, which results in 

fluctuations of the dc-link current. As a result, the fluctuation 

is consistent with the theory. Therefore, objective 1 is 

achieved. 

 
Fig. 8. Three-phase grid voltage under unbalanced and harmonic 

conditions. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 9. Simulation waveforms of the conventional method: (a) 

grid current; (b) spectrum diagram of the grid current; (c) 

DC-link current. 
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(a) 

 
(b) 

 
(c) 

Fig. 10. Simulation waveforms of objective 1: (a) grid current; 

(b) spectrum diagram of the grid current; (c) DC-link current. 

 

The proposed improved control with objective 2 is 

employed to obtain a sinusoidal grid-side current and to 

eliminate the 2
nd

 order fluctuation of the DC-link current, as 

shown in Fig. 11. When compared with the conventional 

control strategy, the fluctuation of the DC-link current is 

suppressed to ± 0.3A. However, the 6
th
 order fluctuations still 

exist. The THD is 2.83%. In addition, the negative-sequence 

components of the grid current are used to suppress the 2
nd

 

order fluctuations. Therefore, the increase of the imbalance 

degree is consistent with the theory. Therefore, objective 2 is 

achieved. 

The proposed improved control with objective 3 is 

employed to eliminate the 2
nd

 and 6
th
 order fluctuation of the 

DC-link current, as shown in Fig. 12. When compared with 

the conventional control, the fluctuation of the DC-link 

current is suppressed to ± 0.1A, and the 2
nd

 and 6
th
 order  

 
(a) 

 
(b) 

 
(c) 

Fig. 11. Simulation waveforms of objective 2: (a) grid current; (b) 

spectrum diagram of the grid current; (c) DC-link current. 

 

fluctuations of the DC-link current are effectively 

suppressed. In addition, the THD is 15.16%. The negative- 

sequence components of the grid current are used to suppress 

the 2
nd

 and 6
th
 order fluctuations of the DC-link current. Thus, 

the increases of the imbalance degree and distortion are 

consistent with the theory. Therefore, objective 3 is achieved. 

 

V. EXPERIMENTAL RESULTS 

In order to further verify the effectiveness of the proposed 

control strategy, an experimental platform was built, as 

shown in Fig. 13. The platform uses a TMS320F28335 as its 

controller and a PVS7010T AC source to provide grid 

voltage. Both the 5
th

 and 7
th

 order harmonic component 

contents of the grid voltage are set at 10% throughout the 

entire experiment. In addition, the imbalance degree of the  
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(a) 

 
(b) 

 
(c) 

Fig. 12. Simulation waveforms of objective 3: (a) grid current; (b) 

spectrum diagram of the grid current; (c) DC-link current. 

 

grid voltage is set at 10%. The grid voltage waveform is 

shown in Fig. 14. The parameters of the CSR system are the 

same as those of simulation as shown in TABLE I. 

The experimental results are consistent with the simulation 

results. Experimental waveforms of the conventional method 

and the proposed control strategy are shown in Figs. 14-18.  

As shown in Fig. 15, when the conventional method is 

employed, the grid current is unbalanced and harmonically 

distorted. The total harmonic distortion (THD) is 17.1% and 

the dc-link current contains pulsations at frequencies of 6ω 

and 2ω. In addition, the fluctuation is ± 0.5A. 

When the proposed improved control with objective 1 is 

employed, the THD is 2.7%, and the magnitude of the 2
nd

 and 

6
th
 order fluctuations of the DC-link current is ± 0.7A, as 

shown in Fig. 16. The grid voltage is unbalanced and 

distorted, resulting in fluctuations of the dc-link current.  

 

Fig. 13. Hardware prototype of a three-phase CSR. 

 

 
Fig. 14. Three-phase grid voltage under unbalanced and harmonic 

conditions. 

 

Therefore, the fluctuation is consistent with the theory and 

the simulation results.  

When the proposed improved control with objective 2 is 

employed, as shown in Fig. 17, the fluctuation of the DC-link 

current is suppressed to ± 0.4A. However, the 6
th
 order 

fluctuations still exist. The THD is 2.6% and the imbalance 

degree is 6.5%. In addition, the negative sequence 

components of the grid current are used to suppress the 2
nd

 

order fluctuations. Thus, the increase of the imbalance degree 

is consistent with the theory and the simulation results. 
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(a) (b) (c) 

Fig. 15. Experimental waveforms of the conventional method: (a) grid current; (b) spectrum diagram of the grid current; (c) DC-link current. 

 

    

(a) (b) (c) 

Fig. 16. Experimental waveforms of objective 1: (a) grid current; (b) spectrum diagram of the grid current; (c) DC-link current. 

 

   

(a) (b) (c) 

Fig. 17. Experimental waveforms of objective 2: (a) grid current; (b) spectrum diagram of the grid current; (c) DC-link current. 

 

   

(a) (b) (c) 

Fig. 18. Experimental waveforms of objective 3: (a) grid current; (b) spectrum diagram of the grid current; (c) DC-link current. 
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Fig. 19. Three-phase balanced grid voltage without harmonics. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 20. Experimental waveform under a balanced grid voltage 

without harmonics: (a) grid current; (b) spectrum diagram of the 

grid current; (c) DC-link current. 

 

When the proposed improved control with objective 3 is 

employed, as shown in Fig. 18, the fluctuation of the DC-link 

current is suppressed to ± 0.2A. In addition, the 2
nd

 and 6
th
 

order fluctuations of the DC-link current are effectively 

suppressed. The THD is 19.5% and the imbalance degree is 

5.4%. Furthermore, the negative-sequence components of the 

grid current are used to suppress the 2
nd

 and 6
th
 order 

fluctuations of the DC-link current. Therefore, the increases 

of the imbalance degree and distortion are consistent with the 

theory and the simulation results.  

The above experimental results verify the validity of the 

proposed control strategy under unbalanced and harmonics 

grid voltage condition. Fig. 19 and Figs. 20 show 

experimental results under a balanced grid voltage without 

harmonics. 

As shown in Fig. 20, the DC current is stable and the grid 

current is symmetrical and sinusoidal with a low THD of 

1.9%. Thus, the proposed control strategy still works under a 

balanced grid voltage without harmonics.  

 

VI. CONCLUSION 

In this paper, a flexible multi-objective control strategy is 

proposed to control the DC-link and AC-link currents for a 

CSR under unbalanced and harmonic grid voltage conditions. 

A mathematical model of a CSR is established. In addition, 

the proposed control strategy is used to achieve three control 

objectives: 1) achieving a sinusoidal and symmetrical grid 

current; 2) achieving a sinusoidal grid current, and 

elimination of the DC-current 2
nd

 order fluctuations; 3) 

elimination of the DC-current 2
nd

 and 6
th
 order fluctuations. 

Furthermore, it is not necessary to separate the components of 

the grid current for the proposed control strategy. 

Experimental results show that the proposed control strategy 

can enhance the performance of a CSR under unbalanced and 

harmonic grid voltage conditions. This can also be applied to 

a voltage-source PWM rectifier. 
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