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Abstract: Power converters with their controls normally behave as a constant power load. This load can

significantly degrade the system stability. Therefore, the system dynamic model is very importance because it
can be used for stability analysis. It is well known that power converter models are time-varying because of
their switching behaviours. This paper presents the DQ modeling method to eliminate the switching action to
achieve time-invariant model for the stability analysis. The power system studied is the AC distribution system.

The small-signal model of the power system is obtained by using a linearization technique. The small-signal
simulations are used to validate the DQ linearized model. The reported model is then used for the stability
analysis via the classical control theory. The results show that an excellent agreement between the
mathematical model and the three-phase benchmark model is achieved.
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general AC power system with multi-converter

Electrical loads based on power electronic POWer electronic systems.

converters are widely used in many applications. ~ Another technique widely used for AC system
Unfortunately, power electronic driven loads often a@nalysis is that of DQ-transformation theory [19]-
behave as a constant power load (CPL). The CPL [21], in which power converf[ers can be treated as
can significantly degrade the system stabi[itj- transformers. The DQ modeling method can also be

[4]. Therefore, the dynamic model of the power €asily applied for modeling a power system
system with CPLs is very importance. comprising vector-controlled converters where the

It is well known that the power converter model SSA model and the average-value model are not

1 Introduction

is time-varying because of the switching behaviour.
Several approaches are commonly used for
eliminating the switching actions to achieve time-
invariant model. Then, the classical linear control
theory can be easily applied to the model for a

easily applicable. Moreover, the resulting converter
models can be easily combined with models of other
power elements expressed in terms of
synchronously rotating frames such as generators,
front-end converters, and vector-controlled drives.

system analysis and design. The first method is the Theé DQ models of three-phase AC-DC power
generalized state-space averaging (SSA) modeling SyStéms have been reported in the previous works
method. This method has been used to analyze [19]-[21]. But these do not include a constant power

many power converters in DC distribution systems
[5]-[7], as well as uncontrolled and controlled
rectifiers in single-phase AC distribution systems
[8],[9] and 6- and 12- pulse diode rectifiers in three

load (CPL). Applying the DQ modeling approach
for stability studies of the power system including a
CPL has been addressed in [22]-[24]. The DQ
method for modeling the three-phase uncontrolled

phase systems [10]. The second is an average-value2Nd controlled rectifier has been reported in [22] and
modeling method, which has been used for 6- and [25], respectively. This paper extends the work in

12- pulse diode rectifiers in many publications [11]-
[13], as well as generators with line-commutated
rectifiers [14]-[18]. These rectifiers can be modeled
with good accuracy as a constant DC voltage
source. However, this method is not easily
applicable to the analysis of the stability of the
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[25] with the eigenvalue theorem to analyze the
stability of the system due to a CPL. The stability
results from the theory will be supported by using
the intensive time domain simulation. The paper is
structured as follows. In Section 2, the power
system definition and assumptions are explained
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Fig.1 The power system studied

The DQ dynamic model of the system from [25] is The effect of Lq on the AC side causes an
explained again in Section 3. The steady-state value overlap anglau in the output waveforms that causes
calculation for the small-signal model derived from as a commutation voltage drop. This drop can be
the proposed method is presented in Section 4. In represented as a variable resistapdat is located
Section 5, the model validation using a small-signal on the DC side [22],[26] as shown in Fig.2. The
simulation and stability analysis for each firing can be calculated by:
angle of controlled rectifier are shown. Finally, 3wl
Section 6 concludes and discusses the advantages of My = ©
the DQ method to model the power converter for
stability analysis.

wherew is the source frequency

. _30L,
’,u = 7z
2 Power System Definition and " 5_,” : n
Assumptions , L
The power system studied in this paper is depicted ¢ ,_’
in Fig. 1. It consists of a three-phase voltage source, s o Eq E,.

transmission line, 6-pulse controlled rectifier, DC- Vv Lie
link filters, and an ideal CPL connected to the DC "¢ °

bus. The ideal CPL is used to represent actuator %f

drive systems by assuming an infinitely fast B .
controller action of the drive system. Hence, the

ideal CPL can be considered as a voltage-dependentrig 2 Three-phase controlled rectifier with overlap

current source given by: angle resistance
| oy :h (1) It can be seen from Fig._2 thE&cl _represe_nts the
Vou output voltage from the switching signal without an
overlap angle effect, whilgy. represents the voltage
whereV,y is the voltage across the CPL aPb, is at the rectifier output terminal taking onto account
the power level of CPL. the voltage drop effect.

It is assumed that the three-phase voltage source ~ Since the commutation effect has been moved on
is balanced. The equivalent parameters of a 0 the DC side, the switching signals for 3-phase
transmission line are represented Ry, Le, and controlled rectifier can be applied without
Ceq The DC-link filters are shown by elememts considering the effect of overlap angle. This is show
Le, and Cr. Eq and Vo are the output terminal N Fig. 3 in whicha is the firing angle of thyristors.
voltage of a controlled rectifier and the voltage The switching function ofS, in Fig.3 can be
across the DC-link capacito€e, respectively. A €xpressed by a Fourier series.
phase shift between the source bus and the AC bus
is A as shown in Fig.1.
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Fig.3 The controller rectifier switching signal

In this paper, neglecting the harmonics of the
power system, the switching functions can be
written for three phases as:

sint + ¢ — )

()

where ¢ is a phase angle of the AC bus voltage and
a is the firing angle.

The relationship between input and output
terminal of controlled rectifier is given by
4)

l in,abc = Sabc I dc

_ T
Edcl - Sabcvbus,abc

()

It can be seen from (4) that the fundamental
input current is in phase with the switching signals.
In addition, for a controlled rectifier, the
fundamental input current lags the fundamental
input voltage by 426].

Equations (3)-(5) will be used to derive the
model of controlled rectifier by using DQ modeling
method in Section 3. The model assumptions in this
paper are as follows:

- The rectifier is operated under a continuous

conduction mode (CCM).

- The output DC current of the rectifier is

constant.

- The amplitude of the three-phase source is

constant and balanced.

- Only one commutation occurs at a time

- All harmonics in the system are neglected.
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3. DQ Dynamic M odel of the System
In this section, the DQ modeling method is applied
to derive a mathematical model of the system as
depicted in Fig.1.

Firstly, the controlled rectifier is transformed
into a two axis frame (DQ frame) rotating at the
system frequency by means of:

cosf{) cosp —2—; ) cosf@ +%)

T[Q]Z\E —sin@) —sin(@—%) —sin(6'+ﬁ) ©
3 3
whereg — Wt_%+¢1'
Combining equations (4)-(6) results in:
lindg = Saq ! ac (7)
Eqar = SlqVousg (8)

Secondly, the switching functions in (3) can be
transformed into a DQ frame by means of (6) to

give:
S _\F'Né cosf, —¢+a)
“ N2 7z |-sin@,-g+a)

The vector diagram for the DQ transformation is as
shown in Fig. 4 whereVs is the peak amplitude
phase voltagel, is the peak amplitude curreif,s

is the peak amplitude AC bus voltage, & peak
amplitude of the switching signal, here equal to
2J3/z as shownin (3).

9)

Fig.4 The vector diagram for DQ transformation
From (7)-(9), the controlled rectifier can be

easily represented as a transformer having d and g-
axis transformer ratid, §, that depend on the
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phase of the DQ frameg), the phase 0% (¢),
and the firing angle of thyristors), As a result, the

equivalent circuit of the controlled rectifier in the

DQ frame derived by using DQ modeling method is

shown in Fig.5.

Fig.5 The controlled rectifier equivalent circuit in

the DQ frame

Finally, using (6), the cable section can be
The DQ
representation of the cable is then combined with

transformed into DQ frame [27].

the controlled rectifier as shown in Fig.5. As a

result, the equivalent circuit of the power system in
Fig.1 can be represented in the DQ frame as

depicted in Fig.6.

The equivalent circuit in Fig.6 can be simplified

by fixing the rotating frame on the phase of the
switching function ¢ = ¢ —«). This results in the

circuit as shown in Fig.7.

Applying the Kirchhoff's voltage law (KVL) and
the Kirchhoff's current law (KCL) to the circuit in

Fig.7 obtains the set of nonlinear differential

equations. We define:

State variables:

X = [l dsl qu bus d Vbusq Idc Vout]T
Input:

u= [Vm PerL ]T

Qutput:

y = [\/out]

The set of nonlinear differential equations is

given as follows:
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° Re 1 1

q
lgs =~ lgs + @ gs = + Vsd
I-eq I-qubusd I-eq
° Req 1 1
'as = @lds = las T Vhusq T Vsq
€q €q €q
* 1 3 2\/5
VbUSd = IdS + Cl)Vbusq i IdC
Ceq 2 7Ceq
* 1
Vbusq = —a)Vbusd +— | gs
€q
* 3 2«@ r r 1
ldc = |~ ——Viyed —| ——+ = 14 - —V,
c busd dc out
2 A Lp  Lg Lg
y 1 1 RepL
Vout =—lge-————
Cr Cr Vout (10)

The equation (10) is a nonlinear equation. It is
well known that the linearized model can be used
for a controller system design via a linear control
theory. In addition, the linearized model can be also
used to analyze the small-signal stability of the
power system including a CPL [22]-[24]. Therefore,
(10) is linearized using the first order terms of the
Taylor expansion so as to achieve a set of linear
differential equations around an equilibrium point.
The DQ linearized model of (10) is then of the
following form:

5>.<=A(x0,uo)5x+B(x0,uo)&J (11)
oy =C(X,,u,)ox+D(x,,u,)ou
where

X = [é‘l ds §Iqs é\/busd oV §Idc é\/out]T

ou = [é\/m OPepL ]T

busq

oy = [é\/out]
_\F.cos(ﬂo+a) 0 ]
2 L,
3 sin(4, +a) 0
2 L
eq
B(Xo ' uo) = 0 O
0 0
0 0
0 3 1
L CFVOULO dex2
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Fig.7 The simplified equivalent circuit of the power system
] ) 4. Calculation the Steady-State Value
- Te“ 0 - 0 0 0 The DQ linearized model in (11) needs to define
e R, e 1 Vouo @and A,. The power flow equation can be
—o — L 0 0 applied to determine the steady state value at the AC
eq eq . . . .
1 3 23 side of the power system in Fig.1. This leads to a
A< | Cm °o 0 \E'nceq 0 system of nonlinear equations:
m 0 Cl ~o 0 0 0 W "
ed s¥bus bus
—=28 cosf— A4 )-—=22cosf) =P
eq F F F 2
0 0 0 0 1 Per Vo sin(y—ﬂ)—&sin(y) = Qe
L CF CFVozulo_Gxe Z Z

C(x,,u,)=[0 0 0 0 0 1],

D(x,,u,)=[0 0],
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where the following steady-state values afgso,—
voltage at AC bus (rms},, - phase shift betweew
and Vy,s as mentioned above. Note thaty is the

transmission line impedance, while the active and
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reactive power (per phase) at the AC bus is given provide a high accuracy. Therefore, this model can

by: then be used for stability analysis.
I:?)us :VbuJ bus Coxx = (PCPL /3) (13) : . . ‘ : ‘
- i e s S-S S USSP
Qbus _VbuJ bus SINGX -~ 7 —g:: h:eanzked mdg-‘jel L
It can be seen from (13) that tRg,s and Quus e 5 5 3 ; 3
depend on the firing angle of thyristorse)( Sl PR AN | S S
Equation (12) can be solved by using a numerical ==
method such as Newton Raphson to achiéyg, ? 2
and /, at the steady-state conditions. Consequently, e T 1 B e B e e
Vouto for DQ linearized model in (11) can then be 524
calculated by: 522
520
33 e 14
VOUt,O = TIZ\/bUSO COS@) - T ldC,O _rF l dC,O ( ) 0.35 0.4 0.45 “me(seas 0.55 0.6
where Fig.8 Model verification for changingcp. from 7

to 9kW (@ = 0 degree)

0 Ny
\/évsej _Vk,)usoe /10‘ 533_}‘I ----- —IBencwmarkmcl)je\
ZeJ]/Z ‘ _ :DC! linearized r:noda\
Idc,o = 3( 243 52377—7——‘&‘,’5’773777 rrrrrrrrrrrrrrrrr rrrrrrr ]
\E(J (AL ookw
7 IR 1 : E
a)Le = 52] ” Ik || N "I'”I fing — 1l | It : |.i|
— = N iwdl ININTN .
2= |Réq+(oke? . 7z =tan 1[%3 & Uy A
5. Small-signal Smulation and s
Stablllty Ana]yss . . . O.i4 O.i!S Ci5 0 i55 OiEi
The DQ linearized model in (11) is simulated for Timefsec)

small-signal transients against a corresponding rig 9 Model verification for changinGce. from 7
three-phase  benchmark  circuit model in 5 g @ = 10 degrees)

SimPowerSystem¥ of SIMULINK. The set of
paameters for the example system according to
Fig.1 is given as followsVs=230 Vimsphase =50 Hz, 3 ! 3 annchmarklmodel
Re0.15Q  Le=30pH, Ce= 2nF, Ce=1000uF, 805 ool D inearzed mode
re=0.3Q, and Lg=6.5mH. Fig.8 shows theVyy | ; | ; :
response of the system in Fig.1 to a step change of 500
PcpL from 7 to 9kW that occurs at t = 0.48.% O SR ‘
degrees). Similarly, Fig.9-Fig.13 are the responses . 45| s R
to a step change &f.p. from 7 to 9kW fora equal 3 '
to 10, 20, 30, 40, and 50 degrees, respectively. Note | I | B
that the firing angle cannot be allowed to exceed 60

ARG

degrees to obtain the positive output voltage of the 405
rectifier on the DC sid§26].

From the results in Fig.8-Fig.13, an excellent e i : : § :
agreement between both models is achieved under 236 04 T ey 06

small-signal simulation. It confirms that the
mathematical model of the power system with a
controlled rectifier derived from the DQ method

Fig.10 Model verification for changinBcp. from 7
to 9kW (@ = 20 degrees)

ISSN: 1790-5060 36 Issue 2, Volume 6, April 2011



WSEAS TRANSACTIONS on POWER SYSTEMS K. Chaijarurnudomrung, K.-N. Areerak, K.-L. Areerak

simulated by using the three-phase benchmark
model, while the responses from the DQ linearized
PR ‘ model provide only the fundamental component.
TKW | 1 However, it will be shown in the stability results
: that the mathematical model derived by considering

T T
Benchmarl: model
— D Ineanzec model

60 1M N | .
'H ”[ I 1 : only the fundamental component can correctly
= o RN £ L1 AN~ predict the unstable point of the system.
> ‘ il For stability analysis, the DQ linearized model in

(11) is used with the eigenvalue theorem. The
eigenvalue can be calculated from the Jacobian
matrix A(x,,u,) in (11) by:

S O O SO SO
| | 1 1

035 c4 045 0z 055 06 0.65 det{/ll —A]: 0 (15)

Time{sec)

Fig.11 Model verification for changinBcp. from 7 and the system is stable if
to 9kW (@ = 30 degrees)

ReA}<0 (16)

' '
Bencimark mode

‘ : DOIln?anzedﬂoFiel Wherel =112|31----1 n (n = the number Of State
j : ‘ variables).

9i(W
To investigate the instability condition of the

il M| power system in Fig.1 due to a CPL, the eigenvalues
R of the system with the given parameters are
; calculated from the Jacobian matrix when e,
varies from 0 kW to 50 kW. The dominant root
3 locus fora equal to 10 degrees is shown in Fig.14.
| ; According to (16), it can be seen that the system
i becomes unstable when tRep. exceeds ~22 kW.

i i I
.35 04 045 0.3 055 2.6 C.65

T mefsec) Note that the results depend on the system

Fia.12 Model verification for chanain from 7 parameters such as system frequency, DC-link

tc;gng @Ogiovgelg;f:elso) or changingce. fro filters etc. If the parameters are changed, the

stability results will be changed. Fig.15 shows the

time-domain simulations that support the theoretical
results with instability occurring &cp. equal to 24

VJL\I(V)

1] e

® P kW. This is greater than 22 kW for the unstable
S I condition predicted from the theory.
VL] S 1 1 1 S
o I ' ; ’ B0
z,
.8 330 ; ; : ; ;
il i :
B | | i i
; g BkW 24kW 25 KW
30k @ ok e et SEtREERLERE A SECRLEREE |
02 0‘5 0’6 0i7 ols olg 1 % i ; ; ;
line(ses) L Ll e e e A
Fig.13 Model verification for changinBcp. from 7 .
to 9kW (@ = 50 degrees)
80— i i j i
In addition, it can be seen from Fig.8-Fig.13 that “ B Yed oy ’

the harmonic components due to the switching

actions are included in the responses that are Fig.14 Eigenvalue plot of the systen(0 degrees)
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Fig.15 The simulation validation of Fig.14

Similarly, Fig.16-Fig.19 show the eigenvalue
plot for a equal to 20, 30, 40, and 50 degrees,
respectively. Fig.20-Fig.23 show the time-domain
simulations that confirm the theoretical results of
Fig.16-Fig.19, respectively. It can be seen that the
mathematical model derived from the DQ method
can be used to predict the unstable condition of the
power system.

T AL

ETo'o | SR RO NSONS NSO N

iSkw  19kW | 20kW

Imaginary Roats{rad/s)
o

Rea Roots[1/s)

Fig.16 Eigenvalue plot of the systemR0 degrees)
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Fig.17 Eigenvalue plot of the system=B0 degrees)
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Fig.20 The simulation validation of Fig.16

In the future, the dynamic model will be used to
predict the instability point for variations in system
parameters such as system frequency, DC-link
parameters etc. Moreover, the dynamic CPL
explained in [24] can be also used with the DQ
model of three-phase controlled rectifier from this
paper instead of the ideal CPL. This is to investigate
the effect of the dynamic CPL to the stability
margin.
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Recently, the artificial intelligence

(Al)
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6. Conclusion

techniques are widely used in the power system |, this paper, the DQ modeling method is presented

application [28], [29]. Therefore, the mathematical

for modeling a three-phase AC distribution system

model derived by using the DQ method from this ith a three-phase controlled rectifier, DC-link
paper can be also used as the objective function of fjiters. and an ideal CPL connected to the DC bus.

the Al algorithm for the system design.

Pookw |

P oy ()

17 kW

24 78 26 2T PR 24
Timejzec)

Fig.21 The simulation validation of Fig.17

.
Eoskw |

13kW

i i i
Z.5 2€ 2.7 28 23
Timzise:)

300 i i
24

Fig.22 The simulation validation of Fig.18

. ‘
Pkw |

9lkw

i i i i
28 0.9 1 1.1 1.2 1.2 1.4 1£
Tr#esec)

250 ’ i

Fig.23 The simulation validation of Fig.19
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The proposed approach is very useful for modeling
the AC distribution system and also concerning a
phase shift between source bus and AC bus.
Moreover, the resulting converter models can be
easily combined with models of other power
elements expressed in terms of synchronously
rotating frames such as generators, front-end
converters, and vector-controlled drives. This paper
also present the DQ linearized model that is used to
analyse the system stability due to the CPL. The
three-phase benchmark model is used to verify the
stability results in the paper. The results show that
the mathematical model derived from the DQ
method can predict the instability point with a high
accuracy. Therefore, electrical engineers can use the
mathematical model to study the power system
behaviour and to avoid the unstable condition. In the
future, the dynamic model will be used to predict
the instability point for variations in system
parameters. Moreover, the mathematical model
from this paper can be also used for the Al
application to the power system design to achieve
the best performance.
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