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ABSTRACT

With the development of DC distribution system within the isolated power system of a ship or an aircraft, more 
constant frequency loads will be supplied by inverters connected to DC main bus. In the operating mode conversion 
process of an isolated power system, inverters will inevitably suffer from serious disturbance and affect the stability 
of the system. Therefore, it is important to establish a model of the inverter that reflects its dynamic characteristics 
and based on which to conduct the stability analysis. This paper proposes a 12-pulse inverter model based on the 
generalized state space averaging (GSSA) method. This model can overcome the limitations of 12-pulse inverter state 
space averaging (SSA) model in transient analysis with good accuracy and fast analysis ability effectively. Three kinds 
of models for a 12-pulse aircraft inverter are built in MATLAB, namely GSSA model, SSA model and detail device 
model. The simulation results show the high accuracy of GSSA model in stability analysis. This study provides an 
effective analytical tool for stability analysis of 12-pulse inverter and also provides a reference for inverter modeling 
research of isolated power system such as in aircraft or ship.
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INTRODUCTION

With the concern of energy crisis and environment 
pollution, the application of electricity expands to various 
domains for its efficiency, cleanness and high quality energy 
[1]. The power supply in vehicles such as ship, aircraft and 
spacecraft is gradually replaced by electricity [2-4]. Isolated 
power system is characterized with localized power production 
and consumption, avoiding long distance transmission of 
electricity and supporting the costume-made according to 
the user demand. These characteristics make isolated power 
system well suited to new forms of power demand. Isolated 
power system such as ship, aircraft and spacecraft requires 
a multitude of power electronic converters during the process 

of power storage, transmission and consumption[5,6]. But the 
space is so limited that the proportion of power electronic 
device in isolated power systems is much larger than that in 
traditional interconnected electric power system.

Stimulated by the advantages of lightweight and energy 
saving, new vehicle isolated power system mostly adopts 
a distribution system based on DC main bus [7, 8]. The 
original AC loads in the AC power distribution system will 
be supplied by inverters connected to the DC main bus, which 
increase loads of inverters greatly. The stability of inverters 
will directly affect the safe and stable operation of the isolated 
power system [9-12].

So far, stability analysis of inverter largely depends on 
detailed device model and mathematical analytic model. 
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A power system model is employed in [13] to simulate the 
transient process of shipboard power system. The hardware 
in the loop simulation verification of the multiple inverters 
in aircraft power systems is performed in [14]. The device 
model is complicated in modeling, as it describes the thorough 
dynamic process of the system. On the other hand, it can’t 
reveal the relationship between system parameters and 
system stability, which can’t be used in system design and 
optimization. The mathematical analytic model is used to seek 
the analytic expression of the characteristics of the inverter 
by theoretical analysis, which can represent the steady-state 
and dynamic mathematical characteristics of the system. 
The most representative one is the state space averaging 
method. Being one of the most representative approaches, 
state space averaging method was applied to establish small-
signal models of inverter for single-phase and three-phase 
[15, 16]. It was also used to build the state space averaging 
model of electromechanical actuators and rotating rectifier 
[17, 18]. However, in the derivation the state variables are 
assumed to have small change within the switching cycle 
and the dynamic characteristics of inverter are ignored, the 
state space averaging method cannot meet the fast response 
and dynamic analysis of large disturbance.

In 1991, Professor Seth R. Sanders and his students 
proposed the generalized state space averaging (GSSA) model, 
which is a tradeoff between the detailed device model and the 
simplified state space model [19]. Considering the invariant 
components of the state space model, GSSA also takes into 
account of the higher order components, which can be used 
not only for small disturbance analysis, but also for large 
disturbance analysis.

Taking into account of the electrical characteristics of 
the DC power distribution system, this paper applies the 
generalized state space method to build a 12-pulse inverter 
model in MATLAB/Simulink. The stability analysis is carried 
out based on the model, and the validity of the model by 
simulation results.

GENERALIZED STATE SPACE AVERAGING 
METHOD

Generalized state space averaging method employs the 
Fourier series with time-dependent coefficients. The signals 
are divided into invariants and high-order variables, and 
the order of precision is chosen according to actual needs. 
A waveform x(t) over the interval [t-T, T] can be approximated 
with a Fourier series representation of the form

(t) (t) e
n

jk t
k

k n
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Where 2 / t  is the fundamental angular frequency. 
When there is just invariant, k = 0, it is state space average. 
The higher orders take into consideration, the higher accuracy 
the results obtained. When n is infinite, the deviation between 

generalized state space operation and the actual error is zero, 
but the computation is large at this time. Hence, n depends 
on the required degree of accuracy. kx  is k-th Fourier 
coefficients defined as
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So a signal in (1) can be calculated and given by
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Three basic characteristics of Fourier transform are normally 
required, which are expressed by
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MODELING AND ANALYSIS OF INVERTER 

THE INVERTER CIRCUIT IN POWER ELECTRONIC

A circuit of SPWM-controlled 12-pulse voltage source 
inverter in isolated power system is shown in Fingure 1.

Fig. 1. 12-pulse voltage source inverter

The DC main bus voltage is shown by Vdc, which is 270V. 
Two three-phase inverters bridges, which connected through 
the Y-Δ/Y in parallel, are controlled by PWM. The transformer 
link was utilized to increase the voltage adjustment range. 
Since the neutral points of the AC load side and the DC 
main bus are not connected, line voltage measurement and 
analysis were adopted when building the generalized state 
space averaging model.
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MODELING OF THE INVERTER CIRCUIT

The switching function s is defined as that s=1 means 
a switch is on, s=0 means off. The switch functions in a SPWM-
controlled inverter, sui and sdi, i {a, b,c},  represent the 
states of up and down bridge arms in phase i, which satisfying 

1ui dis s . The switching function is periodic, and can be 
replaced by Fourier series 

1 n
1 odd

(t) sin(n t)
n

s A (7)

where An represents the coefficient of order n. The AC line 
voltage in the secondary side of the transformer can be 
expressed 

1 2ab ab abv v v (8)

where 1abv was generated by the first inverter bridge, and
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where m is SPWM modulation ratio, n is the transformer 
ratio, An is n-th Fourier coefficient, φ is the initial phase 
angle. From symmetrical relationship we can obtain
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where 2abv , 2bcv and 2cav are secondary side voltages of the 
transformer generated by the second inverter bridge.

Denote virtual line currents as abi , bci and cai  . The three-
phase loads are symmetrical, and their phase voltages or line 
currents are equal in amplitude with  phase shift of 120°. 
According to the vector relation we can obtain

1 1 1( ); ( ); ( )
3 3 3ab a b bc b c ca c ai i i i i i i i i (11)

Suppose that the symmetrical loads are delta-connected 
with impedance LZ , and AC side output currents and load 
voltages are selected as state variables,  then  
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where Rf, Lf and Cf are resistance, inductance and capacitance 
of low pass filter in Fig.1, respectively.

The state equation of inverter currents is constructed as 
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GENERALIZED STATE SPACE AVERAGING MODELING

Since the DC main bus bar contains few harmonic 
components, only the DC component is considered in the 
calculation. Combining with the generalized state space 
algorithms, the first order of the state variables is substituted 
into equation (12) and (14). The generalized state space variables 
are chosen as that, 1x , 2x ,... 6x  are  DC components, 7x , 9x
... 17x  and 8x , 10x ... 18x  are the real part and the imaginary 
parts of the fundamental component respectively, then the 
load-side voltages and AC currents can be expressed by
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Taking ZL=R and combining with the generalized state 
space algorithms, the final GSSA model is deduced as
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The load voltages and virtual line currents of inverter 
circuit can be expressed by generalized state variables as 
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EXPERIMENTAL RESULTS

The circuit in Fig.1 is simulated to analyze the load line 
voltage Vab and the virtual line current Iab. Detail device 
model, SSA model and GSSA model are built in MATLAB/
Simulink and their simulation results are compared and 
analyzed.

Parameters of 12-pulse inverter circuit are listed in the 
follow Table 1. SPWM is adopted in order to control the on-off 
states of the switches in inverters, and the equivalent resistance 
of three-phase symmetrical loads is 80Ω.

Tab. 1. The parameters of inverter circuit

Description Symbol Value Unit

Main bus voltage Vdc 270 V

Amplitude modulation ratio m 0.8 —

Fundamental frequency f 400 Hz

Switching frequency fv 10800 Hz

Initial phase angle φ 0 Rad/s

Filtering resistor Rf 0.1 Ω

Filtering inductor Lf 4.3 mH

Filtering capacitor Cf 3.2 μF

Transformer ratio n 2 —

Figure 2 (a) shows the block diagram of the detail device 
simulation of the 12-pulse inverter, and (b) is the GSSA 
model. The GSSA model reduces to SSA model when the 
state variables only contain zero-order part.

Vdc

Control 
parameters

m, fv

Rf Lf

Cf
Filter

AC currents 
iab, ibc, ica

Three-
phase 
load

R

Load voltage
uab, ubc, uca

(a)

Circuit 
parameters

R, n, Cf, Lf, Rf

Input voltage
Vdc

Control parameters
m, fv, 

GSSA variables
x1,x2,….,x18

Line voltage, 
Line current
uab, ubc, uca

iab, ibc, ica

GSSA model 

(b)

Fig. 2. Diagrams of the 12-pulse inverter 
(a) simulation diagram of the detail device model  

(b) simulation diagram of generalized state space averaging

Waveforms for SPWM signal and the transformer 
secondary voltage are shown in Figure 3.
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Fig. 3. SPWM modulation results 
a) PWM signal output 

(b) Transformer secondary voltage 

Generated by the 12-pulse inverter and through the 
transformer, the secondary voltage waveform before low-pass 
filter contains a large number of high-order harmonics. Only 
when the parameters of the inverter circuit are appropriately 
set can the load gets qualified voltage.

When the power system switches its operating condition,the 
12-pulse inverter is subject to large disturbance. Assuming 
that the inverter loads suddenly altered when the isolate power 
system changes its operation condition at 10ms, the load 
changes from 80Ω to 40Ω. The large signal disturbance will 
occur and affect the inverter.

The waveforms for the output line voltage Vab and the 
virtual current Iab are shown in Figure 4 and Figure 5. The 
results represent waveforms of detail device model, GSSA 
and SSA respectively.

Fig. 4. Waveform of Vab voltage at load port

Fig. 5. Waveform of Iab at AC side

By comparing with the detail device simulation, the 
deviation of SSA model is about 6% when large signal 
disturbance occurred, and that of GSSA model is only 
about 3%. The accuracy of GSSA model is upgraded nearly 
doubled. Therefore, the results of GSSA model can better 
reflect the dynamic response process.

In addition, the voltage Vab and the current Iab of three 
models are analyzed with fast Fourier transform. The 
fundamental frequency is 400Hz. Contents of harmonics 
under 5th order are shown in Table 2 and Table 3.
Tab. 2. Comparison of current harmonic analysis of three models (unit:%)

Harmonic
frequency 0 400 800 1200 1600 2000 Total

harmonic

Switch 3.58 100 9.99 6.21 3.20 1.93 12.53

GSSA 3.26 95.8 9.01 5.68 2.93 1.77 12.04

SSA 2.55 87.7 7.15 4.33 2.14 1.55 9.25

Tab. 3. Comparison of voltage harmonic analysis of three models (unit:%)

Harmonic
frequency

0
DC 400 800 1200 1600 2000 Total

harmonic
Switch 3.88 100 18.39 11.96 8.63 6.79 27.67
GSSA 3.22 93.6 17.24 9.25 6.63 5.67 22.20
SSA 2.59 85.2 10.73 8.23 5.25 4.05 16.17

Figure 6 shows the comparison between the harmonic 
values of Vab and Iab when the inverter suffers large 
disturbance.

(a)

(b)

Fig. 6. The comparison of models 
(a) current harmonic analysis of three models 
(b) voltage harmonic analysis of three models
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In consideration of high-order variables, the generalized 
state space model can analyze the harmonic content accurately 
when the power system encounters large disturbance. 
Compared with the SSA model, this model has a great 
improvement on the first-order harmonic analysis and 
increases the accuracy of the analysis of high-order harmonic 
content. 

Simulation speeds for the three models are shown in 
Table 4.
Tab. 4. Experimental simulation speed

model Simulation t(s)

Detail device model 60

State space averaging 10

Generalized state space averaging 13

Compared with the state space averaging model, the 
generalized state space averaging model spends more 
than 30% time, but its analysis accuracy has been greatly 
improved can well meet the analysis requirements of 
12-pulse inverter in the accuracy of stability analysis.

CONCLUSION

Based on the GSSA approach, a model of 12-pulse inverter 
commonly used in isolated power systems is built in the 
MATLAB simulation environment. The following conclusions 
can be drawn from the theoretical and experimental analysis:

(a) Compared with the state space modeling approach, 
GSSA modeling considers high order components. The 
higher the order is, the smaller the error will be. The error 
will have a tendency to zero when the order tends to infinity. 
Selection of order is determined by the required accuracy 
and simulation speed.

(b) The GSSA model containing high order components 
can reflect the actual dynamic characteristics of the inverter, 
and can improve the accuracy of harmonic analysis of the 
12-pulse inverter under large disturbances like operation 
mode conversion. Having a perfect utilitarian value, this 
model can meet the requirements of isolated power system 
analysis including not only small disturbance stability but 
also large disturbance variation under working conditions 
switching.

Therefore, the GSSA model offers good feasibility and 
accuracy in analysis, can provide a basic model for the analysis 
of large-disturbance dynamic characteristics of 12-pulse 
inverter circuit. In addition, this model can also be applied 
to the analysis of other isolated power systems.
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