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THEPPANOM SOPAPRIM : STABILITY ANALYSIS OF AC-DC
SYSTEMS FEEDING PARALLELED POWER ELECTRONIC
LOADS. THSIS ADVISOR : ASST. PROF. KONGPAN AREERAK,

Ph.D., 181 PP.

DQ MODELING/GSSA MODELING /DIODE RECTIFIER/BUCK

CONVERTERS/STABILITY ANALYSIS

The thesis presents a mathematical model usingdimbination between the
DQ modeling approach and the GSSA modeling metlodafstability analysis of
three-phase diode rectifier feeding paralleled mded buck converters. The
mathematical model derived from the proposed metlsodhonlinearThe linear
dynamic model is needed to analyze the stabilitytref power system via the
eigenvalue theorem. Therefore, the linearizatimechnique using the first order
term of Tayler's series expansion is appltedobtain the linearized model. This
linearized model is suitable for the stabiliyalysis in which it is validated by
the simulation of the commercial software paekaMoreover, The instable points
of the system predicted from the theoreticabults are also compared with
those form the simulation and experiment. Gbmparable results show that a
good agreement between theoretical, simulateord experimental results is
achieved in the thesis. In addition, The thesiso shows the system
identification by using the artificial integience technique called adaptive tabu

search (ATS) algorithm.
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A Y 27 A ol w . .
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4 a v 1 o o
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4
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I inabc = SabcI dc (3.4

Edcl = S;bcvbus,abc (3.5)
A I in,a Sa
LlJ’lf] | in,abc = Iin,b Llag Sabc = S)
l in,c Sc

aa
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I inabc = abcI dc
v

K linae =K Sapclac  ; AMAY K N19a03919

lindg = Sdq dc (3.7)

1FuNIN (3.5) 1 msulasdavesaumsn 3.6) 3z ldssaunisn 3.8)

[

Eger = Sabc Vous, abe

Eoa = [K “Syq ]T [K _lVbus,dq]

Ega = qu [K _1F K _lvbus,dq

Ega = qu Vbus.dq (3.8)

a J d' Y L] =
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9
v A
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Siq =45 == S|r(a)t——+¢j
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d d
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d
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%
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d (3.13)
iy =wCVy+C—V
cq oL Vy dt q

' | 10

119 K(—K‘ljza)l 0 0
dt

00

= Y 1 o o A
INAUNITN (3.13) ﬁnﬂﬁﬂﬁi'l\‘]')\?%ﬁﬁuyﬁﬂlﬂﬂﬁWﬂﬁﬂﬂWaQulw1§111’1@§'lﬂullﬂu

aa v d’ v dy
HHUANI L!ﬁﬂ\‘lﬂ\‘lzﬂﬂ 3.9 A3
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P
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Vdc
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o] 4 o @ { o o
ol (KVL) nazngnszuaveunasyonil (KCL) nuvsauyaluzin 3.11 Tasivua 69

a 4 [ {
HUIAN UL DUNA UAIDIANA LAAIAITUNIIN (3.15)

A58 ¢ x = [l 1os Viusa Vousg 'ac Vo
8“1’!@ U= [\/m PCPL]T (3.15)
o

DIANA: Y = Vo]

Y
swagidatuasuMINgiaumM e YiusveuiaeInndameans
29sauyandndievesszy lihmaslugal 3.11 awnsouaasdsaumsi (3.16) - 3.21)

[
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- {91589 LOOP 1 18 KVL UanandaynIin (3.16) Adil

VReq +VLeq - (d_ EIJ Sq +VbUSd :VSd

Req 1 1

IdS:—_IdS+a)| qs——Vbusd +_VSd (316)
eq Leq €q

- 915819 LOOP 2 Iag KVL HanIndaaun1si (3.17) il

VReq +VLeq + (d_ ec, Sq +Vbusq :Vsq

* R 1 1
I as = —ol 4 — —1 as __Vbusq + L_Vsq G.17)
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- 7915919 NODE 1 Iag KCL uaninaaunisn (3.18) aail

lsg—1 ind T wceqvbusq - ICeq =0

. 1 3 2J3
Viusd = —lds + @Vpusq — /= - ——1
us eq B V2 G,

de (3.18)

- 7915819 NODE 2 Tag KCL uaninaaunisi (3.19) aail

I Sq - a)Cqubusd - Iceq = 0

* 1
Vobusq = ~@Vpusd + c_ lgs (3.19)
eq

- 919158019 LOOP 3 1ag KVL Uaadaaaun1sn (3.20) aail

V,ﬂ +V, +V, +V. +Ve, = Eia

. 3 23 (r# +I+ rc) 1 rFepL
IdC = . |— ._VbUSd ———-"Idc _—Vdc_a (3'20)
2 ﬂde de de devdc

- 1191581190 NODE3 Iag KCL uandnaaunisn (3:21) agil

|dc_|cdc —lep=0

° 1 1 PR
Vdc:_ldc —ERL

_ (3.21)
Cdc Cdc Vdc

323 msmlddudaau
~ 1 3 a v A 1 a 9 A
MnauMsn 3.16) — (3.21) wuiniluaumaFeoyusi iduFadu nio
~ 1 o a S (] a Y ) @ a Jd A

91958031 LUV AAAMAAT N I UFUFY SIMTUMTUATIZHADETAINUDITLUL

o o A o Yy a 9 . . Y a .
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@ 3 o I o a A o v Aa o < a
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o S v w & ~ ° A s o Yy I a 9 Y
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OX=A(Xg,Ugy)X +B(Xy,Ug)0U (3.22)
&Y =C(Xy,Ug)X + D(X,, U, )oU

X = [& ds &qs é\/busd é\/busq ddc é\/dC]T
o= [évm 6PCPL]T
dy = [évdc]

4
% a o
51aam§amumumﬁwqwmm A(Xo,Ug), B(Xo,Ug), C(XoyUo) 4AE D(Xo,Ug) LLETAI

v Y
AaaNNITN (3.23) A4l

a ds a qs évbusd évbusq a dc évdc
Slgs  Olgs  Olgs | Olgs  Slgs  Slgs
a ds a qs évbusd évbusq a dc évdc

A(quo):




A(XO’UO):

B(Xo:Uo) =

1 0 0 0
Leq
0 I 0 0
Leq
0 _ 2 2\/5 0
2 Cq
- 0 0 0
3_2\/1_% 0 _(ry+rL+rC) I reFepL
2 ﬂde de de Ld(ydzqo
0 0 1 ﬂ
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[3cost) 4 ]
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3 sin(4,) 0
282 Leg
18 0 0
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0 fo
LaVaco
0 1
L Cdcvdc,o_exz
Jex2

C(Xo,Ug)=[0 0 0 0 0 1],

D(Xo,Uq) = [0 0]1><2
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(3.23)

o ! @ o a 4 {
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Source bus AC bus
I A |
R L
o A B)us =G)CPL + 131055 ) /3
_— Qbus: 0
VS Vbus

5109 3.12 enedamas ldhviala

U

A = 09/’ a 4 o w
1n3U 3.12 awnsadeuduaoumsigaimaumsms lnavesiida lwih

E4

eaa laeatl

N

S=V|* = IDbus"' ijus

. VLA -NpylO)
IDbus"' JQbus =Vbu540[3.zoéﬂ15_4_.]
a

. V£ l=y) -y g
Pbus+ JQbus:Vbuslo( > (Z )_ busé j

: VY, Vi
F)bus;"' JQbus = stus 4(7 - /1)_ ;us 47
. VY, VAV .
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2 2
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z
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s 10| Yoty 1) o

2
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Y
v @

iy a2 1daumsms Tnaveamds Iihuaasdsaunsn (3.24)

2
Vs\ébus cost — 2) _%cos(y) = Rous
: (3.24)
Vs\;bus sin(y — 4) _%sin(;/) =Qus=0

d‘ =) [ d' % =) A d’ 1
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1T Aa J 1 { o w a o w a
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v v Y
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{Pbus = (PCPL + Ploss)/3 (3.25)
Qpus =0

NAUMITN (3.24) 1ag (3:25) 1T WU TUTUNTUMTAIUIUAT Vous o 11T

@

kY ad o a a 4 a o Y 2 Ay v o
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Al 2 4 2 4 2 4 2 4 2 4 4
L AN 1 ATIN 2 ATIN 3 ATIN 4 ASIN 5 AunaY
ANNATDL
SunufmeeuiSuduiy 10 Maey
mw 0.6529 0.6529 0.6499 0.6469 0.6568 0.65214
NUIUTOU 10 2 15 2 4 6.6
Srunufmaenisudumiiiy 20 Maey
mw 0.6467 0.6426 0.6487 0.6495 0.6583 0.64916
UIUIOY 2 9 1 2 1 3
SnusneUBuR Y 30 MAey
mw 0.6405 0.6581 0.6471 0.6513 0.6439 0.64818
UIUIOY 1 1 1 1 1 1
s nuB ALY 40 Maeu
mw 0.6403 0.6574 0.6531 0.6578 0.6414 0.652
UIUIOY 1 | 1 1 1 1
FruusaousudMIiy 50 Maeu
mw 0.6457 0.6581 0.639 0.6551 0.6535 0.65
NUIUTOU 1 I 1 1 1 2.2
A15197 7.6 MINAABUTIUIURIABLT 0T
Al 4 2 4 2 4 2 4 4 4
L AN 1 ATIN 2 ATIN 3 ATIN 4 ASIN 5 AunaY
ANNATDL
SuMaeusouTIANIAY 10 AMney
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UIUIOY 1 3 1 1 3 1.8
SuMaeuseuI AN 20 A
mw 0.6555 0.6501 0.6548 0.6541 0.6504 0.65298
NUIUTOU 1 1 1 1 3 1.4
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UIUIOY 1 1 1 1 1 1.8
A¥aiGudumi 4
mw 0.6473 0.6461 0.6591 0.6512 0.6513 0.651
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i 2 4 2 4 2 4 2 4 2 4 4
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AAlsvaasANmINY 1.3
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UIUTOU 1 1 10 4 6 4.4
malsvaasAlmNy 1.6
mw 0.6514 0.653 0.655 0.6579 0.6475 0.65296
NUIUTOU 1 3 1 6 1 2.4
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a.1 Tdsunsumsimususindiarmansveiindgu — s1ldu dmsuieesGeanszuaaula
nuuuSasii Tnaatds llfhasiuuneauad Taswamnm Tanuiy
anaaanisu Wi unanedoma TuTaggsuns w.e. 2554
sk sk sk st sk st sk s sk sk sk sk sk sk sk sk sk sk sk skeosk sk sk sk sk skeosk skeosk skeosk skeoske skeoske skeoske skeste skt skt skt sk sk sk sk sk sk sk skeoske skeoske skeoske skeoske skeoske skt skt skt skeskeoskoskeoskoskoskskosk ok
%% %15z madulsiionssuamisududmfumssam luan L ai1%%%
Vs=50;
=50;
Req=0.1;
Leq=24e-6;
Ceq=2e-9;
Pcpl1=30;
w=2*pi*f;
ru=3*w*Leq/pi;
Sd=sqrt(3/2)*2*sqrt(3)/pi;
r=atand(w*Leqg/Req);
Z=sqrt(Req"2+(w*Leq)"2);
Vout_rms=1.6554*sqrt(2)*Vs;
P_Total=Pcpll;
eaVbus=100;
ealampda=100;
es=le-10;
k=0;
%%%g1 TsunsumsdumareIsve gy — 51§
while eaVbus>=es & ealampda>=es
if k~=0
du= Vs*cosd(r-lampda(k))/Z - 2*Vbus(k)*cosd(r)/Z;
DU=Vbus(k)*Vs*sind(r-lampda(k))/Z;
dv= Vs*sind(r-lampda(k))/Z - 2*Vbus(k)*sind(r)/Z;
DV=-Vbus(k)*Vs*cosd(r-lampda(k))/Z;

U= Vbus(k)*Vs*cosd(r-lampda(k))/Z - Vbus(k)*2*cosd(r)/Z - P_Total/3;
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V= Vbus(k)*Vs*sind(r-lampda(k))/Z - Vbus(k)"2*sind(r)/Z;
Vbus(k+1)= Vbus(k)- (U*DV-V*DU)/(du*DV-DU*dv);
lampda(k-+1)= lampda(k)- (V*du-U*dv)/(du*DV-DU*dv);
eaVbus=abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100 ;
ealampda=abs((lampda(k+1)-lampda(k))/lampda(k+1))*100;
V_bus=Vbus(k+1);
L=lampda(k+1);
A1=Vs-Vbus(k+1)*(cosd(lampda(k+1))-i*sind(lampda(k+1)));
B1=Z*(cosd(r)+i*sind(r));
Idc=(pi/(sqrt(6)))*abs(A1/B1)
Vout(k+1)=(3*sqrt(6)*Vbus(k+1)/pi) - 3*Leq*w*Idc/pi - rf*1dc;
V=Vout(k+1)
else
Vbus(k+1)=50;
lampda(k-+1)=0.0001;
end
k=k+1;
end
%ossmaaiei lannnssinvesgUTsunsunsAmidieisveaiiafu - slduces%
Lampda=L;

vde=V;
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%% %15z madulsiionssuamisududmfumssam luan L ai1%%%
Vs=220;

=50;

Req=0.1;

Leq=24e-6;

Ceq=2e-9;

%%% 1UTUATUMIBOALLUMITIADT S 1M T U9 TuasiuuuIian %%

R=20;

L= 14.186¢-3;

C=125¢-6;

Vi=514;

N=50;

damping=0.7;

K1=1/(R*C);

Wn=1/(R*C)

Kpv=1/R

Kiv=1/(C*R"2)

K2=((N"2)*(Wn"2)*L)/Vi;

T=(2*damping)/(N*Wn);

Kpi=K2*T

Kii=K2

v10=100;

w=2*pi*f;

ru=3*w*Leq/pi;

Sd=sqrt(3/2)*2*sqrt(3)/pi;

r=atand(w*Leqg/Req);
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Z=sqrt(Req"2+(w*Leq)"2);
P_Total=(v10"2)/R;
eaVbus=100;
ealampda=100;
es=le-10;
k=0;
%%%g TsunsumsdumareIsveiafu — 51§
while eaVbus>=es & ealampda>=es
if k~=0
du= Vs*cosd(r-lampda(k))/Z - 2*Vbus(k)*cosd(r)/Z;
DU=Vbus(k)*Vs*sind(r-lampda(k))/Z;
dv= Vs*sind(r-lampda(k))/Z - 2*Vbus(k)*sind(r)/Z;
DV=-Vbus(k)*Vs*cosd(r-lampda(k))/Z;
U= Vbus(k)*Vs*cosd(r-lampda(k))/Z - Vbus(k)"2*cosd(r)/Z - P_Total/3;
V= Vbus(k)*Vs*sind(r-lampda(k))/Z = Vbus(k)"2*sind(r)/Z;
Vbus(k+1)= Vbus(k)- (U*DV-V*DU)/(du*DV-DU*dv);
lampda(k-+1)= lampda(k)- (V*du-U*dv)/(du*DV-DU*dv);
eaVbus=abs((Vbus(k+1)-Vbus(k))/Vbus(k+1))*100 ;
ealampda=abs((lampda(k+1)-lampda(k))/lampda(k-+1))*100;
V_bus=Vbus(k+1);
L=lampda(k+1);
A1=Vs-Vbus(k+1)*(cosd(lampda(k+1))-i*sind(lampda(k-+1)));
B1=Z*(cosd(r)+i*sind(r));
Idc=(pi/(sqrt(6)))*abs(A1/B1);
Vout(k+1)=(3*sqrt(6)*Vbus(k+1)/pi) - 3*Leq*w*Idc/pi - rf*Idc;
V=Vout(k+1);
else
Vbus(k+1)=220;
lampda(k+1)=0.0001;
end

k=k+1;
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end

%o IdnnmasiunavesguTilsunsumsfumdeisvosiafu - smlducevss
Lampda=L;

vde=V;

%%%A IannsAnumluanizasid i asfuuu s

vo=vlo;

iL=vo/R;

Xv=((L)*+Kpv*vo)-(Kpv*v10))/Kiv;

Xi=(vo)/(vdc*Kii);
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Y (% 4 4 4
2.1 Tlsunsumsadudynna PWM aregauosa lulasnouInsames AVR
Tagwemnwuy Tanuny @1nlaanisy Wi uianeaoma TuTaggsuis
W.f1. 2554
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#include <avr/io.h>
int EN = 11; vtmualdiug 11 dwmsvadedyaia PWM
int duty_cycle =0; wimualigsnsnthiisududaumiu 0 %
void setup()
{
%%% 8 Mua Inuans a3 19d a8 PWM%%%
pinMode(EN, OUTPUT);
TCCRI1A = (1<<COMI1A1)|(1<<COMI1A0)
TCCRIA |= (1<<COM1B1)|(1<<COM1B0);
TCCRIB = (1<<WGM13)|(0<<WGM12);
TCCRIA |= (0<<WGM11)|(0<<WGM10);
TCCRIB |= (0<<CS12)|(0<<CS11)|(1<<CS00);
ICR1 = 800;
OCR1A =0;
OCRI1B =0;
TCNTO0=0;
}
void loop()
{
duty_cycle = 10; % nageuitigsnsnihiiGuduiiswiiy 10 %
OCRI1A = duty_cycle;
h




168

sk sk sk s s sk sk s s s sk sk s e e e e e e e e e e e e e e e e s s s s s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ki skok

1.2 TdsunsumsadsdmuquuuniiledregavesalulasnouInsames AVR
Tagwemnwuy Tanuny @nlaanssy Wi uianeaoma TuTaggsuns

N.A. 2554
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#include <avr/io.h>

intEN =11;

float setpoint=0;
%o%%iruamsimesyoagussau 1o
/lIvoltage///

float err_v,Upv,Uiv,Uiv_1,Upi _v;

float kpv2=0.05;

float kiv2=20;
%o%%iruamsimesyogingzia il
/llcurrent///

float err_i,Upi,Uii,Uii_1,Upi_i;

float kpi2=3.41;

float kii2=48645;

int Upi_max=800,Upi_min=0;

%%% MUUA sampling time %%%

float Ts=0.00045; // ms

o [ g [

%%%NUTHTUSUT U UNNYAAINTIVIVY% %%

v v L}
int voltage s;ensor =1,

int current_sensor =0;

3 v v A

%%% A muad il S udyaunad a5 ULAUTUAUMINY 0 %%%
float SumVoltage=0, SumCurrent=0;
int Read_Voltage=0, Read_Current=0;

float V1=0, V2=0, 11=0, 12=0;
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void setup()
{
%%% 3 MuA THUANT 83 19d a0 PWM%%%
pinMode(EN, OUTPUT);
TCCRI1A = (1<<COMI1A1)|(1<<COM1A1);
TCCRIA |= (1<<COMIB1)|(1<<COM1B1);
TCCRIB = (1<<WGM13)|(0<<WGM12);
TCCRIA |= (0<<WGM11)|(0<<WGM10);
TCCRIB |= (0<<CS12)[(0<<CS11)|(1<<CS10);
ICR1 = 800;
OCRI1A =0;
OCRIB = 0;
TCNT1=0;
}
void loop()
{
while(1)
{
9%%%5unmsaau liwagnszua Wi
SumVoltage=0, SumCurrent=0;
Read Voltage = analogRead(voltage sensor);
Read Current = analogRead(current sensor);
V1 = (((float)SumVoltage/n)/1023)*5;
I1 = (((float)SumCurrent/n)/1023)*5;
%%% Usugauiumeg %
V2=V 1%*23.98;
12=11*1.25;
%%% 191ggiusedu llihvesdanuguuuniilows%
err_v=setpoint-V2;
Upv=kpv2*err_v;

Uiv=(kiv2*Ts*err v)+Uiv_1;
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Upi_v=Upv+Uiv; // Pl value
if (Upi_v >= Upi_max)

{

Upi_v=Upi_max;
H
else if (Upi_v <=Upi_min)
{

Upi_v=Upi_min;
H
%%% 1gginszualiihvesdrnuguunuiile%%
err_i=Upi_v-12;
Upi=kpi2*err i,
Uii=(kii2*Ts*err_i)+Uii_1;
Upi_i=Upi+Uii;
if (Upi_i>= Upi_max)
{

Upi_i=Upi_max;
}
else if (Upi_i <=Upi_min)
{

Upi_i=Upi_min;
}

%% aaa PWM TUEadini 11 %%%
OCRI1A = Upi_i;
Uiv_1=Uiv;

Uii_1=Uii;
H
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The Averaging Model of a Six-Pulse Diode
Rectifier Feeding Paralleled Buck Converters

T.Sopaprim, K-N. Arcerak’, K-L. Arcerak

Abstract—Power converter models are time-varying in natire
because of thewr switching behaviors. This paper presents: the
averaging methods ealled PO and generalized stale-space averaging
mosdeling methods that are used W eliminate the switching pctighs (o
achieve the time-invariant models. The DO modeling method, is bsed
to analyze the dynamic model of a three-phase rectifier including the
transmission line on AC side, while the gencralized stptg-spage
averaging modeling method is applied to derive the dynamic model
of & buck converter, Intensive time-domain simulations via the well-
known software packages with the exact topology models ane used 9
validate the proposed models, The sinulation results shipw o
praposed mathematical models provide high accurscies o
transient and steady-stale responses. The reported models req
very fast simulation time compared with the full Iopﬂlt-ba_ﬁ-
commereial software packages. Thercfore, the averaging »
suitable for the system design via the searching al gonthms g
the repeating caleulation is needed during the searchiog proe

Keywords—Three-phase  diode  rectifier; L
converter; DO modeling methad; Generalizeds m.-ru:-m.: Aeraging
maethod; Modehng and simulation,

I. INTRODUCTION

HE power converter models are ﬁnww;vmg in nafure
due to their switching behaviors. It s MWMM 1a
use the ime-varying mode! for th@mtcm analysis and design.
Therefore, there are several app es commoniy, use fuor
eliminating the switching actions t ﬂ«.w a time-invarint
model, Then, the classical linear cont
applied 10 the model for a system analywm
The first method is the generalized statc—apacc averaging
(GSSA) modeling method. This methad has been used (o
analyze many power converters in DC distribution systems
[11-[3]. as well as uncontrolled and comrolled rectifiers in
single-phase AC distribution systems [4],[5] and 6- and 12-
pulse diode rectifiers in three phase systems [6]. The second is
an average-value {AV) modeling method, which has been used
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daoinnlufatt

for 6- and 12- pulse diode rectifiers in many publications [7]-
[9], as well as generators with line-commutated rectifiers [10)-
[14]. These rectifiers can be modeled with good accuracy as a
constant [3C voltage source. However, this method s not
easily applicable (o analyze the general AC power system with
multi-converter power electronic systems. Another technique
widely used for AC system analysis I8 that of DQ-
transformation theory [15]-[17], in which power converters
can be treated as transformers. The DO modeling method can
slso be easily applied for modeling o power system
comprising vector-controlled converters where the GSSA and
AN models are not easily applicable. The DO models of three-
phase AC-DC power systems have been reported in the
previous works for stability studies of the power system
imngluding & constant power load (CPL) [18]-[20]. The DQ
method  for modeling the three-phase uncontrolled and
contpolled rectifier has been reported in [18] and [21],
fespectively

Frowl the literalure reviews, this paper presemts (he
combimation between the DO modeling approach and the

‘G55 A modeling method to derive the mathematical model of

n thrégsphase rectifier feeding  both resistive load and
phsalleled buck converters in which it has not been reported in

-ﬂt ptevious, publications. According to the ndvantages of DO
and GSSA

ods, the DO method is selected to analyze the
thrcr-pha.\jé'\iiudc rectifier including the transmission line
on AC side, while the GSSA method is used to
é & buck converters with their controls. The proposed
'ani from both DO and GSSA methods is validated
by lhc mtensive time-domain simulation via the exact
topology model. The results show that the proposed
mathematical models provide high accuracies in both transient
and steady-state responses. In the future work, the reported
models will be used for stability studics of the system due to
the ¢fTect of a CPL.

The paper is structured as follows. In Section II, the
considered system is deseribed. Deriving the dynamic model
of the considered power system is fully explained in Section
1L The model in Section 117 15 2 nonlinear model denived from
hoth DO and GSSA methods called DOGSSA model
Therefore, the linearization technique using the first order
term of Taylor's series expansion including the steady-state
value calculation is fully explained in Section IV, In Section
V, the model validation using the small-signal simulation is
illustrated. Finally, Section VI concludes and discusses the
advantages of the DO and GSSA modeling methods to derive
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the model of the AC-DC power system with multi-converter
power clectrome loads.

11 CoNSMERED POWER SYSTEM

The considered system is depicted in Fig. 1. It consists of a
balanced three-phase voltage sowrce, transmission line, three-
phase diede rectifier, and DC-link filters feeding a resistive
load (K.} and controlled buck converters. The buck converners
with their controls behave as CPLs o regulate the output
voltage of the resistive loads (R; and R;). It is assumed that the
diode rectifier and the buck convierter are operated under a
continuous conduction mode {(CCM) and the higher harmaonies
of the fundamental are neglected.

T, DERIVING THE DYNAMIC MODEL

In this paper, the DQ modeling method is firstly selected to
derive the dynamic model of a three-phase diode rectifier
feeding uncontrolled buck converters {open-loop operation) in
which such rectifier can be treated as a transformer [18]. As a
result, the equivalent circuit of the power system as shown in
Fig. 1 iwithout controllers of buck converters) can be
represented in the DO frame as depicted in Fig. 2. Note that
the cquivalent circuit in Fig. 2 is simplified by fixing the
ratating frame on the phase of the diode rectifier switching
function  g=¢)

50 Vs Aphase
f=50H:

R
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I
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Fig. 2 The equivalent circuits of the considered power system on DO frame under open-loop operation of buck converters
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In Fig, 2, the threc-phasc diode rectifier including the
transmission line on AC side is transformed imo the DO frame
via the DO modeling method. Notice that the dinde rectifier
can be modeled as the transformer in which it can provide the
time-invariant model. The GSSA modeling method is then
used to eliminale the switching action of the uncontrolled buck
converter, The dynamic model of the system in Fig. 2 using
GSSA modeling method can be expressed as:
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where o, and o; arc the duty cyele of the buck converters.

For deriving the dynamic model of the power system
including the controllers of buck conveners, the schematic of
the controllers is considered, 1t can be seen that the Pl
comtrollers of the current loop (inner loop) and the vollage
{owter loop) for each buck converler are represented by K.
Kivss Koy Kty Koz Kiyo Kgp and Ko respectively. From Fig,
3, & can be derived and given in {2).

{'d: =-K,q,|f:5 = Kpulxpl,l}':l +K||.1KN,1X.!
+K¥.1A’|| T KHI‘JKHJI‘:I'
dy ==Ky oy =K Ky Vo + KoK X

[
| +K X+ K.w.ﬁxp-.f"::

(2)

It can be seen that when Pl controllers are considered, the
A, of the voltage loop control and the X of the current loop
control for each buck converter are el as the state variables of
the model. Moreover, when the buck converter is regulated,
the o and d; i (1) becomes o, and @5 as given in (2L
Therefore, applving ;" and & from (2) into d; and dx in (1)
amd adding the state varlables of the Pl conirollers, the
dymaniic model of the system in Fig. 3 derived by using the
DO and GSSA methods can he expressed as

Fig. 3 The equivalent circuit of the considered power sysiem on DO frame including controllers of buck converters
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It can be seen in (3) that when we consider the controlled
buck converter, the dynamic model of the system described in
(1) becomes 1o (1) having the Pl controller parameters. In
addition, the state variables X, X5 Xl and X, are also
included. Equation (3) ix the ponlinear differential cquations.
Therefore, (3) can be lincarized using the first order terms of
the Taylor expamsion so as to achieve a set of linear
differential equations around an equilibrium point. The details
of the DO+GSSA linearized model of (3) are given in Section
.

IV, DQ+GSSA LINEARIZED MODEL AND STEADY-STATE
VALUE CALCULATION

As mentioned in Section I11, (3) can be linearized using the
first order terms of the Taylor expansion so as to achieve a set
of linear differential equations around an equilibrium point.

lssue 1, Volume 6, 2012

(3

The DY+GSSA lincarized maodel of (3) is then of the form
in (4).

Ir';';::A(:_.u_jﬁt+B{r_.u_ﬁn {4)
Ay =C(x,.u x4 DNy ,u, )du

where
ox=[dl, 81, oV, V., 81, 8V, 6,
SV, 65X, 8x, &1, &V, 8X, &X,]
su=[av, v, &7
dy=[av, &, ov,]
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AL e actter

V. SMALL-SIGNAL SIMULATION

The DQHGESA lineanized model in (4) 15 Bimula
small-signal transients against a corresponding, e";nc! o
model as shown in Fig.d. The set of system parsm
given in Table 1 with the voltage loop comtrallers K,
0.05 and Ky = Kyva= 50 (&, poe = 64 H2 A,
current loop controllers Ky = Ko = 0.7728 amdWEy, S K=
V1040 ( 68, oreae = 3200 Hz, £ =0.7)

Table 1; Parameters of the Power Sysfem 1n Fig.h

,G"u'n lue
¥ '&}1‘{{2" s

Parameter

Rey
Iy M4 uH
Gy 2nF
. 0010
r 0460
La{lis154) 50 mil
Cac{ A Vs = 1OV) 500 uF
Ry 500 £
L=ty (AT 205 A) 14,168 mH
C=: (AV, £ S0mV) 125 pF
200

R_.'= R;

Issue 1, Volume 8, 2012

Fig. 5 shows the Vg, ¥, and ¥, responses of the system in
Fig. | 10 a step change of ¥.;" and ¥,; from 5V to 15V that
ocgurs at 1 = (L6 second and 1 = 1.5 second, respectively.
similarly, Fig 6 shows the voltage responses of the system in
Flie.d to a step change of ¥, and V., from 15 V10 25 V,

Frigm the result in Fig, 5 and Fig. 6, an excellent agreement
between both models is achieved under the small-signal
simuldtipn. 1t confirms that the mathematical model of the
power aystem with paralleled controlled buck converters and a
registive, load derived from both DO and GSSA methods
providein good accuracy. The DO+GSSA lincanzed model in
1he puper will be also used for the stability analysis duc to the
effect of CPL in the future work. In addition, it is well known
that simulatugps of power electronic system using software
mackages (5 as MATLAB, PSIM, and ¢tc.) vin the exuct

lels consume a huge simulation time due to a

topolog
w :.“Qfm - .m’ﬁé\%hchmiur 1t is not casily applicable for simulation of
EE Téﬂ"‘] n[u‘at # systems. The simulation time when the system was

simulated wiz the propossd model coding in MATLAB
requires 0.156 sencond, while the full topology model of
SFST“ a5 shown in Fig. 4 consumes |65 second. Hence, the
averaging model of the power clectronic based system derived
by the proposed modeling method in the paper can be used to
reduce the simulanon time. The reported mode! is also suitable
for the optimal controller design using the artificial
intelligence (AT) techniques [22]-[25] because the very fast
simulation time can be ebtamed.

VI. CONCLUSION
This paper presents how 1o derive the dynamic model of the
three-phase diode rectifier feeding multi-converter power
electronic loads with their controls. The DO and GS5A
modeling methods are used to ehimipate the switching
behaviour of the power converter in which the DQ method i
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used to analyze the three-phase rectificr and the GSSA method  svstem stability marging, Therefore, the dynamic model of the
is also applied to the buck converter, The proposed models are  power system is very important, The DQ+GSSA linearized
suitable for the system design and simulation, Moreover, it is  model in the paper can be also used for stability studies in the
well known that when the power converters are regulated, they  future work. Accoring to the fast simulation time of the
behave as a CPL. This CPL can significantly degrade power proposed model, it can be used with the Al scarching

lssue 1, Volume B, 2012 64
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algorithms for the optimal controller design to achieve the best
Outpul s¥Stem responses.
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