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Abstract 

The variable integral gain voltage and current double closed-loop control technique 

based on a PWM inverter is studied in this paper. To improve the response speed and 

steady-state accuracy of the system, the voltage and current double closed-loop control 

model is established at first, and then the fixed integral of double closed-loop control 

strategy is analyzed based on this model. Because variable integral gain control method 

can improve the control precision based on the double closed loop, the voltage and 

current double closed-loop control strategy with variable integral gain is proposed. 

Finally, a series of simulation and experiment results are accomplished to verify the 

validity of this method. It is shown that the dynamic response time is 2ms and the 

maximum voltage change rate is only at 0.5%, and the steady-state accuracy can reach 

99.55%.  

 
Keywords: Variable integral gain; Full-bridge; Double closed-loop control; Electric 

vehicle 

 

1. Introduction 

Thanks to numerous advantages in energy conservation and environmental protection, 

electric vehicles (EVs) have been actively studied and developed and widely viewed as an 

important transition towards sustainable transportation [1,2]. In EVs, a DC-AC inverter 

supplies the high power electric vehicle motors torques of the propulsion system, utility 

loads and automotive electronics [3]. However, the cost, power density, efficiency and 

reliability still present major barriers to the implementation of inverter power supply 

equipments on a large scale [4]. Besides, the working conditions of EVs have strict 

requirements for inverters such as scale and voltage ratio.  

It is an appropriate topology and control methods that are crucial to inverters. From the 

perspective of control strategy, as a branch of development of EVs power electronics 

system control, it has attracted increasing interests in this field [2]. Paper [5-10] present 

some control methods for inverter, such as deadbeat control and repetitive control, but 

most of them are single closed-loop control which cannot achieve good performances. To 

solve the problem, a study of a control scheme with voltage and current double loops 

control method becomes popular in the field [7,11,12]. However, these conventional 

methods with fixed integral coefficient always cause disturbances in external 

characteristics of the inverter, which is very difficult to eliminate. As a result, overshoot 

and static error are produced. 

In this paper, a push-pull+full-bridge inverter is chosen, as shown in Figure 1. For 
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enhancing the system`s performances, the variable integral gain voltage and current 

double closed-loop control method is proposed. The paper is laid out as follows. In 

section 2, the models of the inverter and its control scheme are established first. Then, 

some analyses and mathematical derivations are implemented. Also, the controller for the 

inverter is designed based on the proposed method. In section 3 and 4, some simulation 

and experiment results are accomplished to verify the validity of the proposed method 

respectively. At last, section 5 concludes the paper.  
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Figure 1. The Push-Pull + Full Bridge Inverter 

 

2. Models of the Inverter and Control System 

First, in order to design a good inverter, its model is established. Then, its 

characteristics will be analyzed as well. Finally, based on these, the controller will be 

designed using variable integral voltage and current double closed-loop control method. 

 
2.1. Model of the Inverter 

In order to facilitate the analyses, the full-bridge topology in Figure 1 is briefed, as 

shown in Figure 2. Clearly, the inverter is a double-input single-output system. We select 

output voltage Uo and capacitor current ic as the state variables to establish the state space 

description and its expression is presented as (1). 

 

















































































0

0

0
0 000

1
1

0
1

1

i

i

u

L

r

L
u

i

C

LL

r

u

i
i

cc
                          (1) 

g1

g4

g3

g2

Udc
C

L

Z

r io

+

Uo

-

iC

iL

+

Ui

-

 

Figure 2. Single-Phase Full-Bridge Inverter 

In Figure 2, Udc, Ui and Uo represent the DC input voltage, output voltage and the 

output voltage after filtering, respectively. The parameters iL, iC and io are the currents of 

inductor L, capacitor C and load Z respectively. And r is an equivalent series resistance 

(ESR) of the filter inductor and circuit, and io is the output current.  

From equation (1), it is easy to get the relationship between inputs and output as well 

as its equivalent continuous-time model. Both of them are shown in equation (2) and 

Figure 3, respectively. 
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Figure 3. Equivalent Continuous-Time Model of the Inverter 

 
2.2. Analyses of Inverter`s Characteristics 

From equation (2), it is known that the inverter is a second-order system. Its resonant 

frequency and damping ratio are expressed as below respectively. 

1/ LC                                     (3) 

r C
ξ= <<1

2 L

                                (4) 

When the system is under no-load conditions, its dynamic performances will be bad. 

From equation (2), it is known that the output includes two parts. One is the response of 

the output voltage with applying input voltage only, i.e., the no-load response of the 

inverter. Another response is the one with applying output current independently. In the 

second part, the coefficient Gio(s) is treated as the system`s open-loop output impendence. 

To describe its characteristics in detail, we set the values of inductance, capacitance and 

the ESR in equation (2) are 2mH, 10uF and 0.1Ω respectively. In the open-loop mode, the 

Bode plot of output impendence is shown in Figure 4. From this picture, it is known that 

the output impendence increases with frequency in low band. When there exists load 

current, current io will form a voltage drop. The bigger load is the more drastic voltage 

drop will be. This is the reason why the output voltage always be reduced under an 

open-loop circumstance, also it explains that why the output voltage changes when the 

load has step variations. 

Due to dead zone of switching tubes and over modulation, the output voltage 

waveform will be distorted in the open-loop mode. And when the inverter connects with 

big nonlinear loads, the output voltage waveform will be distorted too. Generally, 

nonlinear loads always have rectifying and filtering installations, when the 

instantaneous value of output voltage is bigger than that of filter capacitor, the generated 

current will go across rectifier diode. As a result, the inverter will switch its states 

between load and no-load conditions. Shown on the waveform, the output voltage will be 

reduced.  

 

 

Figure 4. The Bode Plot of Output Impendence in Open-Loop Mode 
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2.3. Voltage and Current Double Closed Loop 

As mentioned above, due to output impendence, over modulation and nonlinear load, 

the output voltage waveforms will be distorted and have bad dynamic performances. So it 

is necessary to design a suitable controller to improve them. At present, there are several 

control methods such as voltage instantaneous value feedback, deadbeat control and 

repetitive control [5-7]. However, majority of them are single closed-loop controls which 

can improve output performances in some degree, but they have a weak 

anti-load-disturbance ability. In some researches, it is said that double closed-loop and 

multi closed-loop controls can enhance the system`s performances [6,7]. As a double 

closed-loop control, the external voltage loop and instant voltage internal loop control [13] 

based on output voltage cannot solve the problems which caused by load disturbances. By 

contrast, the inverter uses external voltage loop and inner current loop control [14] 

achieves better performances, because the inner current loop improves the bandwidth to 

make the dynamic responses faster. 

As to voltage and current double closed-loop control, the inner current loop has two 

types, that is, inductor current loop and capacitor current loop [15]. Compared with 

capacitor current, inductor current is more stable. Nevertheless, the output current io 

treated as a disturbance which locates at the outside of inductor loop, as shown in Figure 5, 

cannot restrain load disturbances especially the nonlinear load disturbances [12]. To solve 

the problem, a feedforward is introduced, as shown in Figure 6.  
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Figure 5. The Block Diagram of Double Closed-Loop Control System 
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Figure 6. The Block Diagram of Double Closed-Loop Control System With A 
Feedforward 

 

2.4. Design of the Controller and Analyses 

Form Figure 6, it is easy to get equation (5) to (8). 

( ) ( ( ) ( )) ( )v r o vU s U s U s G s                           (5) 

( ) ( ( ) ( )) ( )i v o iU s U s I s G s                          (6) 

( ) ( ) ( ) ( )i o LU s U s sL r I s                              (7) 

( ) ( ) ( )L o oI s I s sCU s                                (8) 

Where coefficients Gv(s) and Gi(s) represent the voltage external loop and current inner 

loop regulators respectively. 

From Figure 6, it is clearly see that the voltage error is obtained by comparing the 

given voltage with the output voltage firstly. And then, the given inner current ui is 

generated by Gv(s). Finally, along with the flow path, ui is compared with feedback 

capacitor current iC to generate the current error, which will be used to generate the 
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control signal u1 by Gi(s) to control the inverter. In the double closed-loop control method, 

as to inner current loop, the output voltage is a disturbance. The coefficient α is smaller 

than 1, i.e., α<1. 

In the double closed-loop control method, we design the external voltage loop as a PI 

controller by which the output voltage can follow the given voltage, and the inner current 

loop is designed as a PI controller too, which can increase the damping ratio to make the 

system more stable. It is assumed that Gs(v) and Gi(s) are expressed as below. 

1
1( ) i

v p

K
G s K

s
                                    (9) 

2
2( ) i

i p

K
G s K

s
                                (10) 

Where K1p and K1i represent the coefficients of proportional and integral parts of Gv(s), 

respectively. And K2p and K2i are those of Gi(s) respectively. 

Substitution of equation (9) and (10) into equation (5) to (8), we get the system`s 

transfer function (11) and its characteristic equation (12), 
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Where the coefficient Gur(s) presents the traceability of the output voltage aiming to the 

given signal, and its poles can show the dynamic characteristics of the traceability. The 

coefficient Gio(s) can be treated as the output impendence. 

From equation (11) and (12), it is clearly known that the denominators of Gur(s)Ur(s) 

and Gio(s)Io(s) are the same. The feedforward coefficient α has an influence on the zeroes 

of Gio(s) except the poles in closed-loop condition. Therefore, in voltage and current 

double closed-loop control, the characteristics equation of the double closed-loop control 

with load current feedforward is the same as that of the double closed-loop control with 

capacitor current. From equation (12), it is known that the system is forth-order. We know 

that the performances of the system are determined by predominant poles. In this paper, 

we set the expected predominant poles and the others as equation (13) and (14) 

respectively. Based on these, the corresponding characteristics equation (15) is obtained. 

2

1 2 n ns =-ξω ±jω 1-ξ、                               (13)  

3 4,n ns m s n                                 (14)  

2 2( ) ( 2 ) ( ) ( )n n n nD s s s s n s m                         (15) 

Rearranging equation (12) and (15), we get equation (16). In equation (17), coefficient 

K2i has three solutions which include two complex roots and a real one. Substituting the 

real one into (17), we get equation (18). 
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In this paper, we selected the coefficients ξ=0.8, ωn=2500, m=n=10, L=0.43mH and 

C=140uF. Substitution of these into equation (16) to (18), we got the parameters of the 

controller, as expressed in equation (20). From Figure 4, it is easy to get the open-loop 

and closed-loop transfer functions of the inner current loop, as shown in equation (21) and 

(22) respectively. And their Bode plots are shown in Figure 7 and 8 respectively. 
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Figure 7. The Open-Loop Bode Plot of Current Loop 
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Figure 8. The Closed-Loop Bode Plot of Current Loop 

From Figure 7 and 8, it is known that the inner current controller makes the inner-loop 

phase margin big enough. It is about 75° which means the open inner loop has a better 

stability. Compared with the open loop, the cross-over frequency of closed loop is bigger, 

which increases the bandwidth and make the system response faster. Consequently, the 

disturbance resisting ability has been enhanced.  

Similarly, the transfer functions of open loop and closed loop of the external voltage 

loop are obtained and are expressed as equation (23) and (24) respectively. And their 

Bode plots are shown in Figure 9 and 10, respectively. From Figure 9 and 10, it is known 

that the external voltage loop has enough phase and gain margins, it means that the loop 

has a good stability.  
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Figure 9. The Open-Loop Bode Plot of Voltage Loop 

 

Figure 10. The Closed-Loop Bode Plot of Voltage Loop 

The output impendence of the closed loop is expressed as equation (25). The Bode plot 

is shown in Figure 11. And it shows that the output impendence is always smaller than 1, 

which means that the system has a good disturbance resisting ability. 
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Figure 11. The Bode Plot of Output Impendence 

As to fundamental current disturbance, the output impendence is expressed as equation 

(26). Where f=50Hz and ω=2πf. By rearranging (26), we get equation (27). When there 

exists nonlinear load disturbance, the load current will contain a large number of 

harmonic components. When the current harmonic is a fifth harmonic, the output 

impendences is expressed as equation (28) and (29).  

314 /
20lg ( ) 43io rad s

G j





                           (26) 

( ) 0.007o ioZ G j                                (27) 

1570 /
20lg ( ) 18.4io rad s

G j





                       (28) 

( ) 0.12o ioZ G j                               (29) 

From what described above, the output impendence of the closed loop is just 0.007Ω 

under the circumstance of fundamental frequency, which means that the closed loop has a 

good disturbance resisting ability.  

 

2.5. Variable Integral Double Closed-Loop Control 

In this paper, the double closed-loop control is achieved based on digital control. So 

the continuous double closed-loop control has to be discretized. We use accumulation and 

first-order difference equation to replace the integral and differential equation respectively, 

and the proportional equation remains unchanged. Then we get equation (30) to (32). The 

control parameters are defined as well, as expressed in equation (33) and (34). 

0
0

1
( ) ( )

kt

p p

jI I

T
K e t dt K e j

T T 

                   (30) 

( )
[ ( ) ( 1)]D

p D p

Tde t
K T K e k e k

dt T
                        (31) 

( ) ( )p pK e t K e k                              (32) 

i p

I

T
K K

T
                                     (33) 

D
d p

T
K K

T
                                    (34) 

Where t=kT, and coefficient k is the discrete-time series, k=1, 2, 3…. TI and TD 

represent the sampling periods of the integral and differential equations respectively.  

Based on what was mentioned above, the PID control law in digital system is obtained 

and is shown in equation (35). 

Onli
ne

 V
ers

ion
 O

nly
. 

Boo
k m

ad
e b

y t
his

 fil
e i

s I
LLEGAL.



International Journal of Control and Automation 

Vol. 9, No. 8 (2016) 

 

 

Copyright © 2016 SERSC 331 

0

( ) ( ) ( ) [ ( ) ( 1)]
k

p i D

j

u k K e k K e j K e k e k


                      (35) 

Xu [16] and Chen [17] indicated that the integral coefficients of the voltage external 

loop are the main factor which has an influence on the system`s characteristics. In 

conventional double closed-loop control method, the integral coefficient Ki of external 

loop is always a constant so that the increase of integral remains unchanged during the 

whole control process. When the coefficient is too big, it will cause not only overshoot 

but also integral saturation. And when it is too small, it will take long time to eliminate 

the static error. In practice, we hope that when the error is big the function of integral can 

be slender or negligible, and when the error is small the function can be enhanced. Thus it 

can be seen, how to set a suitable coefficient to change integral gain based on the errors is 

vital to the enhance the system`s performances. 

The variable integral gain control method is a good way to solve the problem. The 

main idea of this method is to make the integral gain change with the error, that is, the 

bigger error is the slower integrating speed will be, otherwise, it speeds up [18]. In the 

paper, we set a factor f[e(k)] which is a function of system error e(k). When e(k) is 

increasing f[e(k)] will decrease, and when it is decreasing f[e(k)] will increase. The 

equations of inner current loop and the external loop control are established. They are 

shown as (36) and (37) respectively. 

 
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                    (37) 

where kip and kii represent the coefficients of proportional and integral terms of inner 

current loop control, respectively. Parameters kvp and kvi represent the coefficients of 

proportional and integral terms of external voltage loop control respectively. And k is the 

discrete-time series and k=0, 1, 2…. T is the sampling time. The relation between f[e(k)] 

and the present error |e(k)| is linear or nonlinear, and we set f[e(k)] as, 

 

1                ( )

- ( )
( )        ( )

0                   ( )

e k B

A e k B
f e k B e k A B

A

e k A B

 



   
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 


                        (38) 

Where A and B are the boundaries of |e(k)|. Fortunately, A and B are not required 

strictly, so it is easy to get them. When the error of external voltage loop is bigger than 

A+B, it means that the system has entered the saturation region. Under this circumstance, 

the integral will not work so that the system will be controlled by proportional control, 

and the response speed of the inverter will be faster. As to the inverter, it seems that the 

system is under a load step-change condition. When the error is smaller than A+B but is 

bigger than B, the integral will be enhanced with the decreased error and the response will 

be smoother. This result is just like that under the condition of load disturbance changed 

from strong to weak. And when the error is smaller than B, there has a maximum integral 

and the static error will be eliminated quickly. Under this condition, it means that the 

system is in steady state.  

In the paper, we first set the initial values of A and B as 0.3|e(k)|max and 0.2|e(k)|max, 

respectively. Of course, they will be amended according to system`s responses. For 

reducing the too frequent control to the inverter and eliminating the output voltage 

oscillation and decreasing THD, a wider dead zone is introduced and the control 

expression is showed as (39), 

0

0

( )0
( )    

( )( )

e k e
e k

e k ee k


 



                             (39) 

where e(k) is the error and e0 is an adjustable parameter whose value will be selected 

based on the real situation. In equation (39), if e0 is too small, it will cause too frequent 
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control and unstable output voltage and even a large number of harmonic waves; and if e0 

is too big, the output voltage will have some lags. So, the selection of e0 should be careful. 

 

3. Simulation Results 

According to the system`s parameters, based on the fixed integral gain double 

closed-loop control and variable integral gain double closed-loop control, the simulations 

are implemented. Because the update of waveform is lag to the sampling time, we call it 

time delay computation. When it comes to 50Hz output condition, the delay is negligible.  

From Figure 12, it is clearly known that the output voltage variation of the inverter is 

more than 30% when the load occurs step changes. By contrast, the variation of output 

voltage in Figure 13 is less than 20% under the same condition, and the output voltage 

returns to normal value quickly.  
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Figure 12. The Output Voltage and Current Waveforms with Fixed Integral 
Gain Double Closed-Loop Control for Adding A 2kw Impedance Load 
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Figure 13. The Output Voltage and Current Waveforms with Variable Integral 
Gain Double Closed-Loop Control for Adding A 2kw Impedance Load 

Figure 14 and 15 show the changes of the root-mean-square (RMS) value of output 

voltage with a 2kW impedance load. From Figure 14, it is easy to understand that the 

maximum fluctuation of the output voltage is 6V and the change is at 2.73% while those 

in Figure 15 are 3.7V and 1.68% respectively.  

 

Onli
ne

 V
ers

ion
 O

nly
. 

Boo
k m

ad
e b

y t
his

 fil
e i

s I
LLEGAL.

app:ds:variable


International Journal of Control and Automation 

Vol. 9, No. 8 (2016) 

 

 

Copyright © 2016 SERSC 333 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
0

50

100

150

200

250

time t/s

V
rm

s

0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18
214

215

216

217

218

219

220

 

Figure 14. The Output Voltage RMS Value with Fixed Integral Gain Double 
Closed-Loop Control 
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Figure 15. The Output Voltage RMS Value with Variable Integral Gain Double 
Closed-Loop Control 

Figure 16 and 17 show the harmonic contents of the output voltage with fixed integral 

gain double closed-loop control and variable integral gain double closed-loop control. It is 

clearly see that the THDs are at 1.04% and 0.83%, respectively.  
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Figure 16. The Output Voltage THD with Fixed Integral Gain Double 
Closed-Loop Control Under a 2kw Resistive Load Condition 
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Figure 17. The Output Voltage THD with Variable Integral Gain Double 
Closed-Loop Control Under a 2kw Resistive Load 

In Figure 18 and 19, it is clearly known that the voltage and current waveforms with 

these two control methods are different. The output waveforms of the system controlled 

by variable integral gain double closed-loop method, which have few spikes and steady 

state errors, are superior to those with another method. 
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Figure 18. The Output Voltage and Current Waveform with Fixed Integral Gain 
Double Closed-Loop Control Under a 2kw Rectifier Load Condition 
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Figure 19. The Output Voltage and Current Waveform with Variable Integral 
Gain Double Closed-Loop Control Under a 2kw Rectifier Load Condition 

Figure 20 and 21 show the harmonic contents of the system controlled by these two 

methods, and the THDs are at 1.35% and 1.17%, respectively. 
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Figure 20. The Output Voltage THD with Fixed Integral Gain Double 
Closed-Loop Control Under a 2kw Rectifier Load Condition 
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Figure 21. The Output Voltage THD with Variable Integral Gain Double 
Closed-Loop Control Under a 2kw Rectifier Load Condition 

4. Experiment Results 

In this section, some experiments are performed on a prototype. And the specifications 

of the inverter are showed in Table 1. 

Table 1. Specifications of the Inverter 

Description       Parameter      Nominal Value 

Output voltage      Urms                    220V 

Voltage frequency    F             50Hz 

Output power        Po                   1kW 

Output inductor      L            0.33mH 

Output capacitor     C             110uF 

ESR               r              0.1Ω 

The experimental waveforms are showed in Figure 22 to 24. The output voltage RSM 

value of the inverter is 220V under a no-load condition. Figure 22 shows us the dynamic 

responses of the voltage and current of the inverter when the impedance load surges by 

400W. It is obvious to see that the RMS value of output voltage is 219.3V and the steady 

state error is at 0.32%. Also, when there has a step variation, we can clearly understand 

that the voltage drop is less than 1.0V and the setting time is just 2ms. Above all, it is 

self-evident that this control method has some merits such as short setting time, low 

voltage change rate, high steady accuracy and good waveforms and low deformation, 

even if the inverter is under a condition of impedance load change. 
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Figure 22. The Output Voltage and Current For Adding a 400W Impedance 
Load 

The waveforms of the voltage and current of the inverter with a 500VA rectifier load 

are showed in Figure 23. Obviously, the output voltage RMS value is 218.9V and the 

steady accuracy is at 99.5%. At the same time, the output current RMS value is 2.777A 

and the current peak is 12A and the crest factor is 4.321. Under this condition, the voltage 

deformation rate is at 1.33%. From what has been described, it is too can say that this 

control method has good performances even though the inverter is under a nonlinear load 

variation. The advantages of high steady accuracy, fast dynamic response and low voltage 

deformation are outstanding. 

 

 

Figure 23. The Output Voltage and Current Waveforms of the System with 
500VA Rectifier Load 

Figure 24 shows us some details of the output voltage and current under a full-load 

condition. It is easy to see that the waveforms approach the perfect sine wave and the 

voltage RMS value is 219.0V and the steady accuracy is at 99.55%. It is no exaggeration 

to say that the inverter has good performances, including high steady accuracy and strong 

load ability even if it is under a full-load condition 

 

 

Figure 24. The Output Voltage and Current Waveforms with A Full Load 
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Comparing with the simulation and experiment results, it is known that the results 

showed in Figure 12 to 17 are accorded with those in Figure 22. Also, the simulation 

results in Figure 18 to 21 agree with those in Figure 23 approximately when the inverter is 

under a condition of rectifier load variation. However, the crest factor in experiments is 

4.321, which is bigger than that in simulations. This circumstance has relations with the 

output capacitance and the accuracy of the sampling time of capacitive current. Above all, 

although there exists some minor flaws, the inverter controlled by the proposed method 

still has some good performances under both resistive and rectifier load conditions. The 

setting time, maximum voltage change rate and steady accuracy are at 2ms, 0.5% and 

99.55% respectively. No doubt, the proposed control method is feasible.  

 

5. Conclusions  

In this paper, the models of the inverter and its control scheme are established at first. 

Some analyses and mathematical derivations are implemented as well. And then, the 

parameters of the voltage external loop and current inner loop of the inverter are designed 

based on pole assignment method. To solve the problems caused by fixed integral gain 

voltage and current double closed-loop control, the variable integral control method for 

voltage external loop is proposed. At last, a series of simulations and experiments are 

accomplished by which the feasibility of the proposed method is verified under conditions 

of resistive and rectifier loads. In a word, the inverter using the variable integral gain 

voltage and current double closed-loop control method has both good dynamic and steady 

performances and the proposed control method is validated and feasible. 
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