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Abstract

The variable integral gain voltage and curre@ e cloged-I control technique
based on a PWM inverter is studied in this pap 0 imp/%l-I response speed and
steady-state accuracy of the system, the volt nd current ble closed-loop control
model is established at first, and thenthe™i intedt, double closed-loop control
strategy is analyzed based on this model. ause variabe integral gain control method
can improve the control precision on le closed loop, the voltage and
current double closed-loop cantr. ategy hg ariable integral gain is proposed.
Finally, a series of simulam%bn experimentyresults are accomplished to verify the
validity of this method. It is shown tm@ dynamic response time is 2ms and the
maximum voltage change @tf is onw %, and the steady-state accuracy can reach

99.55%. . &
Keywords@inte alﬁ; Full-bridge; Double closed-loop control; Electric

vehicle

S
1. Introduction (b“

Thanks to nu@s advantages in energy conservation and environmental protection,
electric vehicles s) have been actively studied and developed and widely viewed as an
important ?Bé&ion towards sustainable transportation [1,2]. In EVs, a DC-AC inverter
supplies gh power electric vehicle motors torques of the propulsion system, utility
lo @automotive electronics [3]. However, the cost, power density, efficiency and
r%ty 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.

1 T’W"‘—’W\l—‘%
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Figure 1. The Push-Pull + Full &%nvert@

2. Models of the Inverter and Contr @s;e
tar

First, in order to design a good. its r@ is established. Then, its
characteristics will be analyzed as W IIy these, the controller will be
designed using variable mtegral volt d curi le closed-loop control method.

2.1. Model of the Inverter
In order to facilitate th alyses @brldge topology in Figure 1 is briefed, as

shown in Figure 2. Cle e mve double input single-output system. We select
output voltage U, C|tor c ¢ as the state variables to establish the state space
description and it ssm nted as (1).
r
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Figure 2. Single-Phase Full-Bridge Inverter

In Figure 2, Uy, U; and U, represent the DC input voltage, output voltage and the
output voltage after filtering, respectively. The parameters i, ic and i, 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 i, 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. Mant
frequency and damping ratio are expressed as below respectively.

w= 1/@ 6 3)

=L [Caa '% @ @

When the system is under no-load condltlonsQ?ml ances will be bad.
From equation (2), it is known that the output mc e oﬁ& ne is the response of
the output voltage with applying input voIt nly,, the”no-load response of the
inverter. Another response is the one with ymg ou@urrent independently. In the
second part, the coefficient Giy(S) is tre s the sy open-loop output impendence.
To describe its characteristics in det e se ?x% es of inductance, capacitance and
the ESR in equation (2) are 2 and 0. % ectively. In the open-loop mode, the
Bode plot of output impendeﬁr;&s shown gure 4. From this picture, it is known that
the output impendence ingreases with fr@wcy in low band. When there exists load
current, current i, will f volta The bigger load is the more drastic voltage
drop will be. Thi eason whintfie output voltage always be reduced under an
open-loop cncums& also it explains that why the output voltage changes when the
load has step vati
Due to zne of ing tubes and over modulation, the output voltage
waveform will"be distortedu the open-loop mode. And when the inverter connects with
big nonlinear loads utput voltage waveform will be distorted too. Generally,
nonlinear loads s have rectifying and filtering installations, when the
instantaneous v output voltage is bigger than that of filter capacitor, the generated
current w%%a ross rectifier diode. As a result, the inverter will switch its states

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

reduceb

gt ()

Phase g

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 co 2]
achieves better performances, because the inner current loop improves the b idth to
make the dynamic responses faster.

As to voltage and current double closed-loop control, the ipner ¢ Igbp has two
types, that is, inductor current loop and capacitor cmﬁ}oop [i%éompared with
capacitor current, inductor current is more stable. W lessq, th tput current i,
treated as a disturbance which locates at the outsi ucto I;;p\,p? shown in Figure 5,
cannot restrain load disturbances especially the nohlinear Ioa@a}baﬂces [12]. To solve
the problem, a feedforward is introduced, as SW in Figure 6.

Q

(R Gyfs) 1

’A\V
Figure 5. The.B;&éiagra wouble Closed-Loop Control System
Q\ . |

Figure 6. The Diagram of Double Closed-Loop Control System With A

\L, Feedforward

24 @1 of the Controller and Analyses
Figure 6, it is easy to get equation (5) to (8).

U,(8) = U, (s) -U,(s)) G, (5) ®)
Ui(s) = (U, (s) +all, (8))Gi(s) ©)
Ui(s) =U,(8) +(sL+1)1,(s) )
1.(s) =1,(5) +sCU,(s) ®)

Where coefficients G,(s) and G;(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 u; is
generated by G,(s). Finally, along with the flow path, u; 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 u; 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 « is smaller
than 1, i.e., a<l.

In the double closed-loop control method, we design the external voltage loop as a Pl
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 G(v) and Gi(s) are expressed as below.

K,
G,(s) =K, +—+ ©)
S
K.,
G(s)=K,, +—2 (10)
S .
Where Ky, and Ky; represent the coefficients of proportional and integral pa Ms),
respectively. And Ky, and Kj; are those of Gi(s) respectively. %ﬁ
Substitution of equation (9) and (10) into equation (5) to (8), we @ system’s
transfer function (11) and its characteristic equation (12

k, k

1p"2p SZ

klpkzi + klik2p

%

1, r+k,l-a) _k,TZa)
e +LC$LC ]SGEEw D
°D
o0, N

=G, (S, (s) +G; (s)
D(s) s“é—% s%%—k P @Hsz (12)
+‘Q‘ Kap is*kﬂ%
L

Where the coefficient G@ prese ﬁraceability of the output voltage aiming to the
given signal, and its*p an sho ynamic characteristics of the traceability. The
coefficient G,(S) ¢ eated as the output impendence.

From equatio and ( it Ts clearly known that the denominators of G (s)U,(s)
and Gio(S)lo( e same. Thedeedforward coefficient « has an influence on the zeroes
of Gij,(s) except’the pdlescin closed-loop condition. Therefore, in voltage and current
double closed-loop cantgolythe characteristics equation of the double closed-loop control
with load current f ward is the same as that of the double closed-loop control with
capacitor current/Rgom equation (12), it is known that the system is forth-order. We know
that the pegfogma es of the system are determined by predominant poles. In this paper,

we set th ected predominant poles and the others as equation (13) and (14)
ased on these, the corresponding characteristics equation (15) is obtained.

respecté
@ S1.2 :_émn ij(")n \ll_éz (13)
S, =—Méw,, s, =—-Néw, (14)
D(s) = (s* +2ém, 5+ ®,”) - (s + ném,) - (s + Méam, ) (15)
Rearranging equation (12) and (15), we get equation (16). In equation (17), coefficient
Ky has three solutions which include two complex roots and a real one. Substituting the
real one into (17), we get equation (18).

a

Kyp = 63_ r
klpk2p +Ck2i =a, -1 (16)

klkai + kZpkli =

kli k2i =3a,
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Cky,® +(1—a,)k,” +ak, ky —k,, "8, =0 (17)
a,—Ck, -1
klp _ % ” 2
2p
a, (18)
kli =1
kZi

Where
a, =LCmnéw,*

a, = LC(m+n+2mn&?)ém,’
a, = LC[1+(2m+2n+mn)&?lm,’
a,=LC(2+m+n)éa, Z
In this paper, we selected the coefficients ¢=0.8, w,= O.m n= @43mH and
C=140uF. Substitution of these into equation (16) to got t meters of the
controller, as expressed in equation (20). From to)get the open-loop

and closed-loop transfer functions of the inner cu
(22) respectively. And their Bode plots are shown gure respectively.

7= 0.
Zizgagw

.\%Zps—i_kﬁ) (21)

' \’ Cs® +rCs+1
\,Q C(k,,S +ky) 22)
Q  LCs? +(r+k,,)Cs+Ck, +1
3 é N REEEEEEII 7 G'EPEVSJ /|

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 th -loop
phase margin big enough. It is about 75° which means the open inner I 0 a better
stability. Compared with the open loop, the cross-over fre nc,y of c is bigger,
which increases the bandwidth and make the system f e faste‘@sequently, the

disturbance resisting ability has been enhanced. ?

Similarly, the transfer functions of open Ioop& ed p e external voltage
loop are obtained and are expressed as equatio 3) al pectlvely And their
Bode plots are shown in Figure 9 and 10, res ely. Fr re 9 and 10, it is known
that the external voltage loop has enough @ and ga rglns it means that the loop
has a good stability.

(23)
(24)

Q&lgure 9. The Open-Loop Bode Plot of Voltage Loop

o

Magréude (48)
T b &b i B

Phase (deg)

10
Frequency (Hz)

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.

Copyright © 2016 SERSC 329



International Journal of Control and Automation
Vol. 9, No. 8 (2016)

(LS +(r +K,, (1—@))s +k,, (L-a))s (25)
LCS* +(r +k,, )Cs° + (K, K, , + Ckyy +1)5% + (Ky Ky +Ky ok, )s + Kok

Gy (s) =

Magritude ()

(deg)

Phase

— °
o' 10° 107 10 10
rrrrrrrrr (G

Figure 11. The Bode Plot of Output Impendence

As to fundamental current disturbance, the output i endkgce ise sequatlon
(26). Where f=50Hz and w=2xzf. By rearranging (26)% io ). When there
exists nonlinear load disturbance, the load cu I cont&) rge number of
harmonic components. When the current har is a rmonic, the output
impendences is expressed as equation (28) an

201g|G,, (je) d = (26)
|Z, |—|G 0075)@ @27

—18 4 (28)

ﬂ&%uw =0 @

From what described al@ the o pendence of the closed loop is just 0.007Q
under the circumstance ndament guency, which means that the closed loop has a
good disturbance resi ability

2.5. Variabl@'% Doub@’d-mop Control

In this paper, the do
the continuous doubl

osed-loop control is achieved based on digital control. So
d-loop control has to be discretized. We use accumulation and
first-order differe ation to replace the integral and differential equation respectively,
and the proportiéabequation remains unchanged. Then we get equation (30) to (32). The
control pam@gs are defined as well, as expressed in equation (33) and (34).

QQ K, %J.;e(t)dt =Ky 7 ch;e(j) (30)
@ KTy dz(tt) [ (k) —e(k ~1)] (31)
Kpe() = er(k) (32)

K, = Kp_:-—l @)

K, =K 1 (34)

Where t=kT, and coefficient k is the discrete-time series, k=1, 2, 3.... T, and Tp
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).
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u(k) =K, e(k) +K, ije( i)+ Ky [e(k) —e(k —D)] (35)

j=0

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 K; 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 |s
vital to the enhance the system’s performances.

The variable integral gain control method is a good way to solve the pr
main idea of this method is to make the integral gain change with the eC? at’is, the

bigger error is the slower integrating speed will be, othergise‘ it spe . In the

paper, we set a factor f[e(k)] which is a function of hen e(k) is
increasing fle(k)] will decrease, and when it is d increase. The

equations of inner current loop and the externa ntrol, are blished. They are
shown as (36) and (37) respectively.

u (k) = ke(k)+k i@f[e(@ @X (36)
ol

u, (k) =k, e(k) e(|) } (37)

where ki, and k;; represe @k |ents ortlonal and integral terms of inner

current loop control, respe% aramet r and kii represent the coefficients of

proportional and integral terms o externa age loop control respectively. And k is the

discrete-time series and k Rﬁb sampling time. The relation between f[e(k)]
in

and the present error-l@ Imear o?ﬁ@ ear, and we set f[e(k)] as,

1 le(k)| < B
O A
QIR

-le(k)|+B
Where A and B é’boundaries of |e(k)|. Fortunately, A and B are not required
strictly, so it is e a{§§;et them. When the error of external voltage loop is bigger than
A+B, it means th@ system has entered the saturation region. Under this circumstance,
the integr% %ill not work so that the system will be controlled by proportional control,

(38)

B<le(k)|<A+B
0 le(k)|> A+B

and the r speed of the inverter will be faster. As to the inverter, it seems that the
system i er a load step-change condition. When the error is smaller than A+B but is
bi B, the integral will be enhanced with the decreased error and the response will
b@other. 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 e(k)[<le
e(k) [e(k)|>|e,]

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

based on the real situation. In equation (39), if e, 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 eg
is too big, the output voltage will have some lags. So, the selection of e, 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 outputvoltage
returns to normal value quickly. J\)

=

NN S
ERVEVARYA o
w%xz

-
=

{o,

20 -20

006 007 008 th 0.11 Ql)z 013 014
Figure 12. The Output Volta d Cur‘;‘% aveforms with Fixed Integral
Gain Double Closed- ontrol f ding A 2kw Impedance Load
(7\ Kf\
N4 —w

~=-i0_f20

:‘ A\ A
Q = - - 0

\\ ,,' \“ y 110
w0, § J 20
'& 0.08 0.1 o.iz 0.14 0.16

Figure Q}he Output Voltage and Current Waveforms with Variable Integral
uble Closed-Loop Control for Adding A 2kw Impedance Load

iIA

o

%re 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.
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Figure 14. The Output Voltage RMS Value with Fixed Integral Gain D&@é.

Closed-Loop Control Yy
\_% )

tmet/

Figure 15. The Output Itage RMS %ﬁe with Variable Integral Gain Double
Clo op Control

Figure 16 and the h nic contents of the output voltage with fixed integral
gain double p con arlable integral gain double closed-loop control. It is

clearly see t HDs aé)at 04% and 0.83%, respectively.

| Fundamental (50Hz) 308.6, THD=1.04%
\T—, E012

@Q £0.04 H
0 0 200 400 600 800 1000
Frequenc)

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 w. vw with
these two control methods are different. The output waveforms of the syst rolled

by variable integral gain double closed-loop method, have fe and steady
state errors, are superior to those with another method. %\

400
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-200 k
‘\QK

a7 AN
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V -40

-80

0.16

time l/s

Figure 18. The \yt’(\/olta nd Current Waveform with Fixed Integral Gain
ol Under a 2kw Rectifier Load Condition

Double -Loo
O

—__|—uo0

ol A AT
Rpiviniyivi
Q\ -200 \ \ \“I \I‘“ \"' -40
vV V.V V V

a “Qos o008 o1 o1 o1 ol 80

Figure 19. The Output Voltage and Current Waveform with Variable Integral
Gain Double Closed-Loop Control Under a 2kw Rectifier Load Condition
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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 Condltlon
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Figure 21. The Output Volta N%iable Integral Gain Double
Closed-Loop Con o er a ctifier Load Condition

4. Experiment Result

In this section, some

of the inverter are

N

OQT

S

iments formed on a prototype. And the specifications
in Table

able\gp cifications of the Inverter

on
voltage Uims 220V
go tage frequency  F 50Hz

utput power P, 1kwW
Output inductor L 0.33mH
Output capacitor C 110uF
ESR r 0.1Q

Parameter Nominal Value

O

%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. 1t 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.

Copyright © 2016 SERSC

335



International Journal of Control and Automation
Vol. 9, No. 8 (2016)

+d Select Thresholds
AMS 5=

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 and the
steady accuracy is at 99.5%. At the same time, the output éurrent R is 2.777A
and the current peak is 12A and the crest factor is 4.321%1 r this conglition, the voltage
e

deformation rate is at 1.33%. From what has bee ibed, itw can say that this
control method has good performances even tho e’invertéf is under a nonlinear load
variation. The advantages of high steady accuracy, fast dynarmi ponse and low voltage

deformation are outstanding. Q %

= :
Figure 23. The Ou @ Itage and Current Waveforms of the System with
Q) 500VA Rectifier Load
Figure 24 shows’us some details of the output voltage and current under a full-load
condition. N%,easy to see that the waveforms approach the perfect sine wave and the
alue is 219.0V and the steady accuracy is at 99.55%. It is no exaggeration

voltage R@
to @ e inverter has good performances, including high steady accuracy and strong
|€%I ity even if it is under a full-load condition

+d Select Measul Clear
AMS RAMS Meas

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 esta Iis%’n first.
Some analyses and mathematical derivations are implemented as well hen, the
parameters of the voltage external loop and current inner 1gop of the i e designed
based on pole assignment method. To solve the probl caused by integral gain

voltage and current double closed-loop control, theyariable int ntrol method for
voltage external loop is proposed. At last, a se Q m Idgr? nd experiments are
accomplished by which the feasibility of the proposed methc&ih rified under conditions
of resistive and rectifier loads. In a wor:@ verter %g e variable integral gain

voltage and current double closed-loop € method h%} th good dynamic and steady
performances and the proposed control dis @e and feasible.
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