
 

 

  
Abstract—Power converter models are time-varying in nature 

because of their switching behaviors. This paper presents the 
averaging methods called DQ and generalized state-space averaging 
modeling methods that are used to eliminate the switching actions to 
achieve the time-invariant models. The DQ modeling method is used 
to analyze the dynamic model of a three-phase rectifier including the 
transmission line on AC side, while the generalized state-space 
averaging modeling method is applied to derive the dynamic model 
of a buck converter. Intensive time-domain simulations via the well-
known software packages with the exact topology models are used to 
validate the proposed models. The simulation results show that the 
proposed mathematical models provide high accuracies in both 
transient and steady-state responses. The reported models require the 
very fast simulation time compared with the full topology model of 
commercial software packages. Therefore, the averaging model is 
suitable for the system design via the searching algorithms in which 
the repeating calculation is needed during the searching process. 
 

Keywords—Three-phase diode rectifier; Controlled buck 
converter; DQ modeling method; Generalized state-space averaging 
method; Modeling and simulation.  

I. INTRODUCTION 

HE power converter models are time-varying in nature 
due to their switching behaviors. It is very complicated to 

use the time-varying model for the system analysis and design. 
Therefore, there are several approaches commonly used for 
eliminating the switching actions to achieve a time-invariant 
model. Then, the classical linear control theory can be easily 
applied to the model for a system analysis and design.  

The first method is the generalized state-space averaging 
(GSSA) modeling method. This method has been used to 
analyze many power converters in DC distribution systems 
[1]-[3], as well as uncontrolled and controlled 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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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 DC voltage source. However, this method is not 
easily applicable to analyze the general AC power system with 
multi-converter power electronic systems. Another technique 
widely used for AC system analysis is that of DQ-
transformation theory [15]-[17], in which power converters 
can be treated as transformers. The DQ modeling method can 
also be easily applied for modeling a power system 
comprising vector-controlled converters where the GSSA and 
AV models are not easily applicable. The DQ models of three-
phase AC-DC power systems have been reported in the 
previous works for stability studies of the power system 
including a constant power load (CPL) [18]-[20]. The DQ 
method for modeling the three-phase uncontrolled and 
controlled rectifier has been reported in [18] and [21], 
respectively. 

From the literature reviews, this paper presents the 
combination between the DQ modeling approach and the 
GSSA modeling method to derive the mathematical model of 
a three-phase rectifier feeding  both resistive load and 
paralleled buck converters in which it has not been reported in 
the previous publications. According to the advantages of DQ 
and GSSA methods, the DQ method is selected to analyze the 
three-phase diode rectifier including the transmission line 
components on AC side, while the GSSA method is used to 
analyze the buck converters with their controls. The proposed 
model derived from both DQ and GSSA methods is validated 
by the intensive 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 studies of the system due to 
the effect of a CPL. 

The paper is structured as follows. In Section II, the 
considered system is described. Deriving the dynamic model 
of the considered power system is fully explained in Section 
III. The model in Section III is a nonlinear model derived from 
both DQ and GSSA methods called DQ+GSSA 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 DQ and GSSA modeling methods to derive 
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the model of the AC-DC power system with multi-converter 
power electronic loads.   

II. CONSIDERED POWER SYSTEM 

The considered system is depicted in Fig. 1. It consists of a 
balanced three-phase voltage source, transmission line, three-
phase diode rectifier, and DC-link filters feeding a resistive 
load (Rdc) and controlled buck converters. The buck converters  
with their controls behave as CPLs to regulate the output 
voltage of the resistive loads (R1 and R2). It is assumed that the  
diode rectifier and the buck converter are operated under a 
continuous conduction mode (CCM) and the higher harmonics 
of the fundamental are neglected. 

III.  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 (without controllers of buck converters) can be 
represented in the DQ frame as depicted in Fig. 2. Note that 
the equivalent circuit in Fig. 2 is simplified by fixing the 
rotating frame on the phase of the diode rectifier switching 
function (φ1=φ). 

 
 

 

 
 

Fig. 1 Considered Power System 
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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 the 
transmission line on AC side is transformed into the DQ frame 
via the DQ modeling method. Notice that the diode rectifier 
can be modeled as the transformer in which it can provide the 
time-invariant model. The GSSA modeling method is then 
used to eliminate 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 d1 and d2 are the duty cycle of the buck converters. 
For deriving the dynamic model of the power system 

including the controllers of buck converters, the schematic of 
the controllers is considered. It can be seen that the PI 
controllers of the current loop (inner loop) and the voltage 
(outer loop) for each buck converter are represented by Kpv1, 
Kiv1, Kpi1, Kii1, Kpv2, Kiv2, Kpi2, and Kii2 respectively. From Fig. 
3, d* can be derived and given in (2). 
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It can be seen that when PI controllers are considered, the 

Xv of the voltage loop control and the Xi 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 d1 and d2 in (1) becomes d1

* and d2
* as given in (2). 

Therefore, applying d1
* and d2

* from (2) into d1 and d2 in (1) 
and adding the state variables of the PI controllers, the 
dynamic model of the system in Fig. 3 derived by using the 
DQ and GSSA methods can be expressed as: 
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Fig. 3 The equivalent circuit of the considered power system on DQ 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 to (3) having the PI controller parameters. In 
addition, the state variables Xv1, Xi1, Xv2, and Xi2 are also 
included.  Equation (3) is the nonlinear differential equations. 
Therefore, (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. The details 
of the DQ+GSSA linearized model of (3) are given in Section 
IV.  

IV.  DQ+GSSA LINEARIZED MODEL AND STEADY-STATE 

VALUE CALCULATION  

As mentioned in Section III, (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.  

 
The DQ+GSSA linearized model of (3) is then of the form 

in (4). 
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According to DQ+GSSA linearized model in (4), the model 
needs to define Vdc,o, λo, Vo1,o, Vo2,o, IL1,o, IL2,o,

  Xv1,o, Xv2,o, Xi1,o 
and Xi2,o. In the paper, the power equation can be first applied 
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Fig. 4 The exact topology model (SPSTM of SIMULINK) 
 
 

V. SMALL -SIGNAL SIMULATION  

The DQ+GSSA linearized model in (4) is simulated for 
small-signal transients against a corresponding exact topology 
model as shown in Fig.4. The set of system parameters is 
given in Table 1 with the voltage loop controllers Kpv1 = Kpv2= 
0.05 and Kiv1 = Kiv2 = 50 ( ,n voltageω = 64 Hz, vζ = 1.0), and the 

current loop controllers Kiv1 = Kiv2 = 0.7728 and Kii1 = Kii2 = 
11040 ( ,n currentω = 3200 Hz, iζ = 0.7). 

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

 

Parameter                               Value 

Vs                                               50 Vrms/phase 

�                                               2πx50  rad/sec. 

Req                                             0.1 Ω 

Leq                                             24 µH 

Ceq                                  
          2 nF 

rL                                              0.01 Ω 

rc                                              0.4 Ω 

Ldc ( ∆ Idc  ≤  1.5 A)                  50 mH 

Cdc ( ∆ Vdc  ≤  10 V)                 500 µF
 

Rdc                                            500 Ω 

L1=L2  ( ∆ IL  ≤  0.5 A)            14.168 mH
 

C1=C2  (∆ Vo  ≤  50 mV)        125 µF
 

R1= R2                                      20 Ω
 

 
Fig. 5 shows the Vdc, Vo1 and Vo2 responses of the system in 

Fig. 1 to a step change of Vo1
* and Vo2

* from 5 V to 15 V that 
occurs at t = 0.6 second and t = 1.5 second, respectively. 
Similarly, Fig. 6 shows the voltage responses of the system in 
Fig. 1 to a step change of Vo1

* and Vo2
* from 15 V 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 
SPSTM 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 (AI) 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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used to analyze the three-phase rectifier and the GSSA method 
is also applied to the buck converter. The proposed models are 
suitable for the system design and simulation. Moreover, it is 
well known that when the power converters are regulated, they 
behave as a CPL. This  CPL can significantly degrade  power  

 
system stability margins. Therefore, the dynamic model of the  
power system is very important. The DQ+GSSA linearized 
model in the paper can be also used for stability studies in the 
future work. Accoring to the fast simulation time of the 
proposed model, it can be used with the AI searching 
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algorithms for the optimal controller design to achieve the best 
output system responses. 
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