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Abstract

Uninterruptible Power Supply(UPS)systems are widely used for supplying critical
loads which can not afford utility power failure. A inverter is the core of a UPS system.
High quality output voltage waveform is required for these inverters. To achieve nearly
sinusoidal output voltage even with nonlinear loads, many waveform correction techniques
have been proposed. This dissertation focuses on the research of the instantaneous
feedback technology of PWM inverters. Since the instantaneous feedback technology is a
real-time control according to the current error of the output waveform .Once the controller
is designed properly, it can improve system dynamic response with nice static
characteristics. Analysis and simulations are centered on two control approaches which are
single loop controller with instantaneous voltage feedback and dual-loop control with
voltage and current feedback to discuss how to improve both dynamic and static
characteristics, thereby to reform the output waveform of PWM inverter.

Based on the state-space averaging and linearization technique, the mathematical
model is given in form of transfer function and states equations. The influence of dead-
time, over- modulation and nonlinear loads on output voltage in single-phase full-bridge
inverters is analyzed in detail. The method which brings output voltage feedback in the
control loop to eliminate the disturbance of nonlinear load is reasonable.

Of all sorts of strategies, there are repetitive control, deadbeat control, sliding-mode
control and PID control. The PID control method is in favor of balancing the dynamic and
static characteristics of the control system, easy to be calculated and realized. Above al it
is reliably, and thus it is becoming the most universal control method. The design method
of PID controller based on pole-assignment is proposed in this paper. The simulations
indicate that this PID controlled inverter provides nice characteristics. A method of Pl
controller combined with instantaneous differential voltage is also proposed, which is
equivalent to PID control in essence and can be seen as a simplified dual-loop form.
Accordingly it isasimple but effective adjustment.

The voltage and current dual-loop control system is divided into inductor-current
feedback and capacitor-current feedback. The comparison of both is given in the paper.
The characteristics of the inverter with the dual-loop control using capacitor-current
feedback and voltage are obtained and analyzed. A mass of simulations are made to design
both the inner and outer controller. The simulations indicate that this voltage and current



dual-loop control system is superior to single loop controller with instantaneous voltage
feedback in characteristics.

Finally, a single-phase inverter applying output voltage and capacitor-current
feedback control is researched in the paper and the experimental results accord with
theoretic analyze. And it can get nice static characteristic and well dynamic response.

Keywords: PWM inverter; pole assignment; PID control; dual-loop control
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14. PD PID
15. PID PD



16. PID PID

PID
4-1 16
4
12 12 445
4-1
(G/G) (G/G)
P/P 2 3 PI/P 3 3
P/Pl 3 3 PI/ Pl 4 4
P/PD 3 2 PD/ Pl 4 3
PD/P 3 2 PlI/PID 5 4
PD/ PD 4 2 PID/ Pl 5 4
PPD 4 3 PD/ PID 5 3
PID/ P 4 3 PID/ PD 5 3
PI/ PD 4 3 PID/ PID 6 4
4.4
4.4.1
! GV(S): |<1p’Gi (S): sz,
PP , 43
K, K
Uo(9) = b2 U (9~ 1,(9)
LCs™ +(rC+K,,C)s+ K K,, +1 LCs™ +(rC+K,,C)s+ K K,, +1
(4-1)
D(s) = LCS* +(rC+K,,C)s+ K, K, +1 4-2

%,2 :_é,a)n x jwn Vl_gz )

D, ()= +2%ws+o,’ 4-3
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rC+CK,, =2{w,LC
KK,y +1=0,’LC

Ky, Ky Ky

2lw,LC
_wlLC-1
T,

K r=2w,L-r>0

K 0

2p

ﬁ>o

K, Ky, +1
. LC
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0.77%

-2.27%
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4.6(b)

11kwW
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4.6 PP

(b)

(100V/div, 100A/div, 0.015/div)

4.7(a) PP

1,p=159A

THD=11.03%
4.7(b) PP

|, p=72.5A

WCF=3.04

WCF=2.99




THD=3.82%
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W 1. L 20} s et |-
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H:E il E] K] [F ] 1 'E. [ 1 a 1. ] 1 L e |

@ (b)
47 PP
(100V/div,100A/div,0.015/div)

4.4.2 ,

, PPl
G,(9=K,,,G(s)=K,,+K, /s 4.3

KipKopS+ KKy
LCS’+(rC+K,,C)s* + (K, K,, + KC+1)s+K, K,
B (Ls+r)s 1.(9)
LCS® +(rC +K,,C)s* + (K K, + Ky C+1)s+ K, K, °

1p?

Uo(s) =

U.(s)

D(s) = LCS’ +(rC +K,,C)s* + (K, K,, + K,C+1)s+ K, K,

S, =0, t jo,1-¢7,
$;=-nC w, n n=5~10

D, (5)=(s-5) (5-5) (s-8) = (" + 2,5+ ") - (S+¢w,)
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rC+CK,, =(2+n)¢w,LC
1+ K, K,, +CK, = (1+2n %), °LC 4-13
Ky, Ky =ndew’LC

Kl KZ K2i !

P p

(2+n)éw,L-r>0

[(1-2n¢?)? — 42 %] L2CP0’ + 4nr ¢ LC?6° — 2(1+ 2n¢ ?)LCw, 2 +1> 0 4-
14
(1+2n¢?)w 2LC-1>0

(4.14)
4.4.3 ,

, PIP :
G,(s)=K,,+K;/s,G(s)=K,, 4.3
Ky, KypS+ Ky Ky
LCS’ +(rC+K,,C)s* + (K, K,, +1)s+ KK,

(Ls+r)s
T LCS +(rC+K, C)S + (K, K, +Ds+K,K 'o(9)
2p 1p' “2p 1" Y 2p

U,(s) = U, (s)

4-15

D(s) = LCs*+ (rC+K,.C)s* + (K, K, +1)s+K, K 4-16
2p 1p'“2p ' N2p

SA,Z = _é/a)n * ja)n\/l_ 4/2 ’
s;=-nC W, n n=5~10,

D,(s)=(s-98)-(5-8,)-(s—5,) = (5 + 26w, S+ ®°) - (s+ Nw,) 4-17

rC+CK,, =(2+n)¢w,LC
1+ K, K, = (@+2n{?)w,’LC 4-18

K,,Ky =ndew ’LC
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[ K,,=(2+n)¢w,L-r1

_(@+2n?)w2LC-1

(4-19)
K1p

< K]_p

3
\ Kli — né/in LC

2p

PID ¢ =0.8 w ,=3500 n=10,

K,, =14.3480

K,, = 0.6396 (4-20)

K, =1.4391x10°

0.82%
0.77% PID

4.8(b) 28.6%

48  PIP
(100V/div, 0.01/div)
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4.9(a) 11kwW 4.9(b) 13.75kV A
0.8 0.5ms

@ (b)
49 PP
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4.10(a)

[,p=163.8A WCF=3.23
THD=156%  4.10(b)
[ p=75.7A WCF=3.16
THD=0.90%
PID
4.4.4
PIPI
G, (=K, +K;/s,G(s)=K,,+K, /s 4.3
UO(S): KlpK2p82+(KlpK2i +K2pK]J)S+ KliKZi Ur(S)

LCs* +(rC+ szc)53 +(K K, +K,C +1)s* + (K Ky + Ky Ky )s+ KK,

_ (Ls+r)s?
LCs* +(rC+K,,C)s’ + (K, K, + K,C+1)s’ + (K K, +

| (s
K, Ky)s+ KK, o(S)

4-21

D(s) = LCs* +(rC+K,,C)s’ + (K, K, + K;C+1)s* + (K K, + K, K;)s+ KK,

4-22
S.I.,2 = _é/a)n * ja)n\/l_é/2
S’,:'mz w ny S4='nz w n
D, (s) = (S° + 26w, s+ ) - (s+ Mw,) - (S+Nlw,) 4-23
4-22 4-23
(K, =2y 4-24
2p C
K, K, +CKy =8, 1 4-25
KKy + Ky Ky =3y 4-26
L KK, =3, 4-27
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a, = LC(2+ m+n)dw,

a, = LC[1+ (2m+ 2n+mn)¢ %] e,
a = LC(m+n+2mn?) o,

a, = LCr‘r‘nCzcon4

424 ~ 427

CK2i3 + (1— az)KZiz + aiKZpKZi - szzan =0

PID

1823.8
S

K.
G,(9) = K, +—L =0.8122+
S

317000
S

K.
G (s)=K,, +—2 =26.388+
S

411 PIPI
4.11(a)
1,p=197.0A =3.56
THD=0.418%
412
8.6% 3.6 PID
4.13 PWM

4-2
8
K,
4-29
4-30
=038 ® =3500 n=10,
4-31
4.10
THD=0.541% 4.11(b)
[,p=86.1A



16.4% 2ms PWM
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@ (b) PP
413 PWM PIPI
¢ =0.7 w ,=2500
K. 969544
G,(s) = K, + —- =05195+
S S
. 118850
G (9) = sz +ﬁ =16.455+
S S
C(K, s+K.
G|op(s): ( 22P ZI)
LCs"+rCs+1
C(K, s+K.,
GicI (S) = > ( 2P 2l)
LCs" +(rC+CK,,)s+1+CK,
K,.s+K,)(K, s+ K,
Guop(s): - (21p ll)( 2p 2|)
STLCs™ +(rC+CK,,)s+1+CK,]
(Kps+Ky)(Kys+Ky)

Gud (S) =

46

LCs* +(rC+CK,,)s’ + (1+ K, K, +CK,)s* + (K, K + K, Ky )s+ KK,

4-32

4-33

4-35

4-36

4-37



(Ls+r1)s

W, () =———; 4-38
LCs" +(rC+K,,C)s’ + (K, K,, + KC+1)s” + (K K, + K, Ky )s+ K, K,
432 433 4.14~4.18
4.14 80°
4.15 4.16
65° 4.17 1
4.18

4.14 4.15
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Bode Diagram

Magritude ()

=150

HEHHE
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241 %

419 PWM

4.20
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421
4.21(a)
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411
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THD=0.61%
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4.4.5

4.3

PID , P PIDPI

G, (=K, +K; Is+Kys G(9)=K,,+K, /s

KigKopS'+ KoKy +KgKy ) S (K Ky +K Ky )s+K K,

Up(D =72 U.(9
LCS"+(KygKop + Koy CHIOS + (K Koy + KK+ CHI)S (K K +K K, )s+KG K,
(Ls+1)s 19
LOS' + Ky + Ko, CHTO)S + (K, Koy + KKy +RGCHDS (K Ky + KK )sHIGHG
(4-39)
D(s) = LCs* + (K4 K,, + K,,C+rC)s’ + (K, K, + K,y K, + K,C +1)s?
(K, Ky + Ky Ky ) s+ KKy, (4-40)
D, (s) = (S + 26w, s+ %) - (s+ Mw,) - (S+Nlw,) 4-4
1
4-40 441
(r1C+K, C=4a
1+ K Ky, + KK 5 +CKy =3, 4-4
4 2
KlpKZi + KZpKli =8
\

Kli K2i =a,
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a, = LC(2+m+n)dw,

a, = LC[1+ (2m+ 2n+ m)< % w,

a, =LC(m+n+2mné?)m

a, =LCmn’w,*

4-42 5
PID
Kld
) 4-2
4-2 PIDPI
Kld Klp K 1 K2p K 2i
1 0.2 7415 1379550 0.011 835
2 0.02 74.6 138824 0.11 830
3 0.002 7.93 14750.9 1.07 7811
4 0.0002 1.26 2343.6 6.72 49168
4-3
4-3 PIDPI
1 2 3 4
92.9% 92.3% 86.2% 63.0%
3.5ms 3.5ms 3ms 2.5ms
5% 5.2%. 5.2% 5.3%
1ms ims 1ms 1ms
[P 189.3 189.2 187.8 189.7
WCF 3.49 3.49 3.47 3.50
THD | 0.956% | 0.954% | 1.068% | 1.090%
P 89.2 80.6 91.2 94.9
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WCF | 3.40 3.44 3.46 3.56
THD | 0.635% | 0.627% | 0.604% | 0.597%
43 , PIPI
PIPI
, PIPI
PIPI
4.5
P Pl
PD PID 16
16
PID
THD
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5.1

IGBT PWM
LC

385V
Uor=175V
lor=50A

50Hz

L=0.43mH

C=140p F

¢ =0.09

” + + "
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5.2

12 470uF Rr 180
PIPI
K,=0.5195 K,=969.544 K,=16.455 K,=118850

5.2

5.3
5.4 THD=2.962% 55
(25A) THD=2.782% 5.6 (53A)

THD=2.291%

53
(14mA/div 10ms/div)
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0.80%
5-1 PIPI
10A 25A 35A 45A 53A
176.2v 175.8V 175.0vV 174.8V 174.0v 173.6V
0.68% 0.45% 0 -0.11% -0.57% -0.80%
5.7(a) PIPI 76% 38A
5.7(b) 5.8(a)
Ims 10%
5.8 PIPI 76%

56




m . :— L _-, gﬁmn R :
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59a8  PIPI
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59 PIPI
1,p=98A
THD=2.781%
THD

5.3

5.2

THD 3%
LC
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PWM
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PWM
PWM
PID
PID
THD
PID
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PID
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