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The Averaging Model of a Six-Pulse Diode
Rectifier Feeding Paralleled Buck Converters

T.Sopaprim, I-N. Areeral’, K-L. Areeral

for 6- and 12- pulse diode rectifiers in many publications [7]-

Abstract—Power converter models are time-varying in naturé9], as well as generators with line-commutated rectifiers [10]-
because of their switching behaviors. This paper presents tie}]. These rectifiers can be modeled with good accuracy as a
averaging methods called DQ and generalized state-space averagigdstant DC voltage source. However, this method is not

modeling methods that are used to eliminate the switching actions {q.: ; ;
X oo e - . sily applicable to analyze the general AC power system with
achieve the time-invariant models. The DQ modeling method is use uIti)-/cozE)/erter ower e)I/ectronich stems Xnother ){echni e
to analyze the dynamic model of a three-phase rectifier including tH2 P b ) q

transmission line on AC side, while the generalized state-spa‘ﬁ’éd('-"y US?d for AC system 'analy.SiS is that of DQ-
averaging modeling method is applied to derive the dynamic mod&nsformation theory [15]-[17], in which power converters
of a buck converter. Intensive time-domain simulations via the weltan be treated as transformers. The DQ modeling method can
known software packages with the exact topology models are usedqjgg pe easily applied for modeling a power system
validate the proposed models. The simulation results show that prising vector-controlled converters where the GSSA and

proposed mathematical models provide high accuracies in bo . -
transient and steady-state responses. The reported models requiré&t%;mdeIS are not easily applicable. The DQ models of three-

very fast simulation time compared with the full topology model oPhase AC-DC power systems have been reported in the
commercial software packages. Therefore, the averaging modelpigvious works for stability studies of the power system
suitable for the system design via the searching algorithms in whighcluding a constant power load (CPL) [18]-[20]. The DQ
the repeating calculation is needed during the searching process. method for modeling the three-phase uncontrolled and

controlled rectifier has been reported in [18] and [21],
Keywords—Three-phase diode rectifier; Controlled bUCkrespectiver.

converter; DQ modeling method; Generalized state-space averaginq:rom the

method: Modeling and simulation, literature reviews, this paper presents the

combination between the DQ modeling approach and the
GSSA modeling method to derive the mathematical model of
gel . . a three-phase rectifier feeding both resistive load and
:E pOV\;]er. con.ve:.er rtr)]oh €ls are t!me-vary|ng :n na(tjurg]aralleled buck converters in which it has not been reported in
ue t.o their SW'tC ing behaviors. It is very comp icate t e previous publications. According to the advantages of DQ
use the time-varying model for the system analysis and desi d GSSA methods, the DQ method is selected to analyze the
Therefore, there are .severall approachgs Com”,‘O“'Y usgdt ee-phase diode rectifier including the transmission line
eliminating the switching actions to achieve a t'me"nva“ar?;tomponents on AC side while the GSSA method is used to
model. Then, the classical linear control theory can be easé{xalyze the buck converters with their controls. The proposed

applied _to the model _for a system a_naIyS|s and design. model derived from both DQ and GSSA methods is validated
The first method is the generalized state-space averag the intensive time-domain simulation via the exact

(GSSA) modeling method. This method has been usedt ology model. The results show that the proposed

analyze many power converters in DC dlsmbu“on.‘?’ysten?‘ﬁathematical models provide high accuracies in both transient
[1I3], as well as uncontrolled and controlled rectifiers "Mnd steady-state responses. In the future work, the reported

single-phase A(.Z.dist.ribution system§ [5] and 6- and 12- models will be used for stability studies of the system due to
pulse diode rectifiers in three phase systems [6]. The secon(lihl effect of a CPL

an average-value (AV) modeling method, which has been use

. INTRODUCTION

he paper is structured as follows. In Section II, the
considered system is described. Deriving the dynamic model
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the model of the AC-DC power system with multi-converter Ill. DERIVING THE DYNAMIC MODEL

power electronic loads. In this paper, the DQ modeling method is firstly selected to

derive the dynamic model of a three-phase diode rectifier
Il. CONSIDEREDPOWER SYSTEM feeding uncontrolled buck converters (open-loop operation) in
The considered system is depicted in Fig. 1. It consists ofMich such rectifier can be treated as a transformer [18]. As a
balanced three-phase voltage source, transmission line, thri@sult, the equivalent circuit of the power system as shown in
phase diode rectifier, and DC-link filters feeding a resistiveig. 1 (without controllers of buck converters) can be
load Ry) and controlled buck converters. The buck converterépresented in the DQ frame as depicted in Fig. 2. Note that
with their controls behave as CPLs to regulate the outpiite equivalent circuit in Fig. 2 is simplified by fixing the
voltage of the resistive loadBy(andR,). It is assumed that the rotating frame on the phase of the diode rectifier switching
diode rectifier and the buck converter are operated undeffuaction (¢=¢).
continuous conduction mode (CCM) and the higher harmonics
of the fundamental are neglected.

DC bus

DC/DC

Buck converter
(CPL1)

| A
Source Bus

50 Vis/phase ngI - :
f=50Hz 1 6-pulse Diode Rectifier

—| Controlles

DC/DC

Buck converter
(CPL2)

Ié 2—| Controlles

Ry

C

Fig. 1 Considered Power System

D C> V3R,
v () Vbus, q=—FC @ ch Vous.a

O

Fig. 2 The equivalent circuits of the considered power system on DQ frame under open-loop operation of buck converters
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In Fig. 2, the three-phase diode rectifier including theshered; andd, are the duty cycle of the buck converters.
transmission line on AC side is transformed into the DQ frame For deriving the dynamic model of the power system
via the DQ modeling method. Notice that the diode rectifigncluding the controllers of buck converters, the schematic of
can be modeled as the transformer in which it can provide th& controllers is considered. It can be seen that the PI
time-invariant model. The GSSA modeling method is thegontrollers of the current loop (inner loop) and the voltage
used to eliminate the switching action of the uncontrolled bugkuter loop) for each buck converter are representel,py
converter. The dynamic model of the system in Fig. 2 using Kpiz, Kiz, Kovar Kivzr Kpizr @andKii respectively. From Fig.

GSSA modeling method can be expressed as:

L]
1
Vbusd =——1
Ceq

Ve :7Idc
Cdc

Reg 1 1
Ids :_Tlds+wl qs_TVbus,d +7V5d
eq eq

| as =—al ds 7T

Leq
1 1
lgs —— +—V,
aqs bus,q sq
Leq Leq Leq
+ Vs g — 3 Lﬁ |
ds bus,q 2 ”Ceq dc

° 1
Viusg = —@Vpugd +7C lgs

eq
. 3 23 T, T +0g Ry —Te
Ve =45 = Vousd — lac =

2 ”de de deRdc
v 1

1 d, d,
o Ve lu-= e
Cdc Rdc ¢ Cdc Cdc

3,d can be derived and given in (2).

C{I :_Kpi,ll L= Kp/,lei ’}/0 1+ Kiv ,Kpl ,?(V 1
+K; Xig Ky K M,l
d, =Ky ol = Koy Ky Moot Ky K X,

+Ki 2 X2+ K, K ,2\/1::2

()

It can be seen that when PI controllers are considered, the
X, of the voltage loop control and thé of the current loop
control for each buck converter are set as the state variables of
the model. Moreover, when the buck converter is regulated,
the d; and d, in (1) becomed;,” andd, as given in (2).
Therefore, applyingl,” andd, from (2) intod;, andd, in (1)
and adding the state variables of the PI controllers, the
dynamic model of the system in Fig. 3 derived by using the

L L DQ and GSSA methods can be expressed as:
o 1 1
V02 072 I L2 RZCZ 02
Rog Loy OLoylys 1:
+ 7.

in,d
Vhll.&',[] ::C‘e’(] mc;q%us,q

eq OLeqlas

—
Iin,q =0

Q’Ceq %us,d

O

Fig. 3 The equivalent circuit of the considered power system on DQ frame including controllers of buck converters
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dc dc dc dc dc
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Cdc i2 Cdc 02
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It can be seen in (3) that when we consider the controlledThe DQ+GSSA linearized model of (3) is then of the form
buck converter, the dynamic model of the system describediin(4).
(1) becomes to (3) having the PI controller parameters. In
addition, the state variables,;, X1, X2, and X, are also .
included. Equation (3) is the nonlinear differential equations. Fx = AX,, U)X +B(X,, U )5U (4)
Therefore, (3) can be linearized using the first order terms of oy =C(X,,U,)ox+ D(x,,u,)ou
the Taylor expansion so as to achieve a set of linear
differential equations around an equilibrium point. The detailghere

of the DQ+GSSA linearized model of (3) are given in Section

|V 5X:|:5Ids 5Iqs é\/bus,d é\/bus,q 5Idc é\/dt: 5|L1

é\/ol 5Xv1 5Xi1 5|L2 é\/02 é‘sz 5Xi12]
IV. DQ+GSSALINEARIZED MODEL AND STEADY-STATE . T
VALUE CALCULATION ou = [é\/ Ne Vo, ]

As mentioned in Section lll, (3) can be linearized using the sv=Isv. ov. oVv.T
first order terms of the Taylor expansion so as to achieve a set y [ d ot 02]
of linear differential equations around an equilibrium point.
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Fig. 4 The exact topology model (SP¥Sf SIMULINK)

V.SMALL -SIGNAL SIMULATION

Fig. 5 shows th&/., Vo1 andVy, responses of the system in

The DQ+GSSA linearized model in (4) is simulated fofig- 1 to a step change Wf, andV,, from 5V to 15 V that
small-signal transients against a corresponding exact topol

model as shown in Fig.4. The set of system parameters

given in Table 1 with the voltage loop controllés, = Ky.=

0.05 andKiv1 = Kiv2 = 50 (@, yoitage = 64 Hz, ¢, = 1.0), and the

current loop controller;,; = Ki,» = 0.7728 an;;; = Kj» =
11040 (@, gyrrent = 3200 Hz,g; = 0.7).

Table 1: Parameters of the Power System in Fig.1

Parameter Value
Vs 5n¥ohase
w X650 rad/sec.
Req ax

Leg 24 uH
Ceq 2 nF

r 001

re @

Lac (Alg < 1.5 A) 50 mH

Cac (AVg < 10V) 500 uF
Rec 500
Li=L, (AlL< 0.5A) 14.168 mH

C,=C, (AV, < 50 mV) 125 pF
R~ R, )
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urs at t = 0.6 second and t = 1.5 second, respectively.
imilarly, Fig. 6 shows the yoltage responses of the system in
Fig. 1 to a step change ¥§; andV,, from 15V to 25 V.

From the result in Fig. 5 and Fig. 6, an excellent agreement
between both models is achieved under the small-signal
simulation. It confirms that the mathematical model of the
power system with paralleled controlled buck converters and a
resistive load derived from both DQ and GSSA methods
provide a good accuracy. The DQ+GSSA linearized model in
the paper will be also used for the stability analysis due to the
effect of CPL in the future work. In addition, it is well known
that simulations of power electronic system using software
packages (such as MATLAB, PSIM, and etc.) via the exact
topology models consume a huge simulation time due to a
switching behavior. It is not easily applicable for simulation of
complex systems. The simulation time when the system was
simulated via the proposed model coding in MATLAB
requires 0.156 sencond, while the full topology model of
SPSM as shown in Fig. 4 consumes 165 second. Hence, the
averaging model of the power electronic based system derived
by the proposed modeling method in the paper can be used to
reduce the simulation time. The reported model is also suitable
for the optimal controller design using the artificial
intelligence (Al) techniques [22]-[25] because the very fast
simulation time can be obtained.

VI. CONCLUSION

This paper presents how to derive the dynamic model of the
three-phase diode rectifier feeding multi-converter power
electronic loads with their controls. The DQ and GSSA
modeling methods are used to eliminate the switching
behaviour of the power converter in which the DQ method is
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Fig.6.Vyc, Vo1 andV,, responses of the system in Fig. 1 to a step chandg aindV,, from 15V to 25 V

used to analyze the three-phase rectifier and the GSSA metkgstem stability margins. Therefore, the dynamic model of the
is also applied to the buck converter. The proposed models poaver system is very important. The DQ+GSSA linearized
suitable for the system design and simulation. Moreover, it isodel in the paper can be also used for stability studies in the
well known that when the power converters are regulated, thieyure work. Accoring to the fast simulation time of the
behave as a CPL. This CPL can significantly degrade poweroposed model, it can be used with the Al searching
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algorithms for the optimal controller design to achieve the bddgl K-N. Areerak, S.V. Bozhko, G.M. Asher, and D.W.P. Thomas, Stability
output system responses.
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