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Abstract ─ This paper presents the derivation and validation is described of small-signal model for the full-bridge current 
injection series resonant converter (FBCISRIC). The rectifier line frequency and high frequency resonant circuit will be used 
for consideration for the analysis and small-signal model of this converter. The circuit equation from the line frequency 
rectifier are analyzed and expressed in state-space from using averaged, switching function. A d-q transformation is used to 
remove the time variance in the equations using the standard method for three-phase PWM converters. To model the  high 
frequency resonant stage of the system the fundamental frequency technique  is used whilst the high-frequency resonant 
stage to the line-frequency rectifier model can be coupled using power balance relationship.The model is linearised under 
small-signal conditions and the result are validated between  detailed simulation and prediction in MATLAB®. 
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I. INTRODUCTION 
 

Converters which convert the alternating current 
(AC) from the mains to a direct current (DC) are used in 
a great variety of applications, for example, such as 
controlling DC motors for household or industrial use. 
AC to DC converters generally comprise a rectifier 
bridge to rectify the AC current of the input line and a 
regulating device supplying on output of one or more 
regulated DC voltage. 

The size and weight of power supply always become 
a major problem. So the way to reduce the size and 
weight is by using a technique by increasing the 
operating   frequency. However,  when  increasing  the 
operating frequency the higher switching losses 
occurred. Resonant power conversion techniques offer 
the possibility of both high operating frequency and 
virtually no switching losses through the use of zero 
voltage switching [1]. 

Whilst numerous single-stage and single-transistor 
solutions have been devised for transformer-coupled DC 
power supplies that operate with high power factor from 
single phase mains, the circuit options remain limited 
for three-phase-fed power supplies. However, it is 
predicted that the applications for three-phase systems 
are likely to increase, particularly in areas where high 
performance and/or high power density are critical, for 
example the telecoms industry or in autonomous 
systems such as aerospace and marine [2]. 

The resonant current injection techniques are applied 
to the converter basic circuit shown in Figure 1. The 
principal futures of the circuit include continuous 
current operation of the three AC input inductors, 
inherent shaping of the input currents resulting in high 
power factor and only to active devices are required [2].  

 

 
Figure 1 : Three-phase AC/DC Full-bridge current injection series 

resonant converter (FBCISRC) topology 

 

II. SMALL SIGNAL MODELING AND DYNAMIC 

ANALYSIS OF A FBCISRC 

 
A. Steady-state Operation 

In this work, a new full-bridge current injection 
series resonant converter (FBCISRC) topology, Figure 
1, is developed to perform as a high efficiency and 
power factor converter for power supply application.  

 
It is assumed that the converter operates from a 

balanced sinusoidal three-phase supply and converter 
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losses are zero. The operating principle of the rectifier 
can be described by considering that the two pairs (S1-
S4 and S2-S3) of transistors operate close to and slightly 
above the natural frequency of the resonant tank (Lp, Cp 
and Cs). As a result the tank draws a sinusoidal current 
which lags behind the square-wave full-bridge output 
voltage thereby allowing the devices to switch under 
virtually lossless zero-voltage switching conditions.  

The transistors, which operate in anti-phase with 0.5 
duty ratio, drive the high-frequency sinusoidal current 
Ires through the resonant circuit. The resonant current is 
rectified and smoothed to form the output voltage 
VDCout. The resonant current Ires3 is one third of the 
converter resonant current Ires, and is injected into the 
mid-point of the diode leg of the each phase. The 
interaction between the line current Iline and Ires3 
produces Pulse-Width-Modulation (PWM) voltage at 
the mid-point of the diode legs. 

The steady-state analysis and characteristics of the 
full-bridge current injection series resonant converter 
(FBCISRC) have been described in detail by Omar [4] 
and used to generate the converter characteristics but the 
dynamic behaviour of the circuit has not previously been 
examined. Therefore, in this paper a small-signal model 
for the converter is derived that will  form the basis for 
the design of a closed-loop controller.  

The behavior of the harmonic content of the 
modulated PWM voltage which shows the normalized 
voltage of the fundamental, low order harmonics and 
carrier harmonic are obtained from [6] plotted against 
the modulation index M, which is defined here as 
Iline/Ires3 where Iline is the line current and Ires3 is the 
resonant current that flows through the three Lp and Cp 
branches. In assisting circuit analysis, two sixth order 
polynomial function obtained from [6] using the Matlab 
curve-fitting techniques. 

 
B. Line Frequency Rectifier Circuit 

 
The mathematically expression can be described 

from the line frequency rectifier shown in Figure 2. The 
combination of two split DC-link capacitors will present 
the DC-link capacitor, CDC and has the total DC-link 
voltage VDC across it. By assuming that the utility is a 
three-phase balanced, sinusoidal voltage source, the line 
inductors are linear (saturation is not considered) and  
each of six diodes have infinite resistance when they are 
off  and zero resistance when they are on. 

From circuit in Figure 2, the state space model [1] 
can be represented at the input side of the converter. In 
designing a small signal analysis model, several 
procedures must be followed. The following 
assumptions were made in order to model the line 
frequency rectifier [2]; 1)Utility are in three phase 
balanced, sinusoidal voltage source. 2) Line inductors  

 
are linear. 3) Each of six diode are ideal diode and sets 
in pairs for switching purpose. After derivations of 
equations, the input side of the converter can be 
represented by the state space model [1] 
 
Z = Ax +e (1) 

 

where: T,  
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0 0

0 0
0 0

,      Z =	
0 0

0 0
0 0
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	 	∑ 	 	
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The switching functions are need to be averaged, 

removing the high frequency information [7] with 
simplify the circuit equation (1).The transformation to a 
rotating reference frame is used to remove the supply 
frequency time variance. 

By using averaging procedure the equation of the 
local average e-vector becomes: 
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To simplify the model, the time-varying in (2) must 

be eliminating by using transformation a rotating 
reference frame. Therefore the new state variable vector 
in rotating frame xr in the stationary frame and the 

Figure 2: A simplified representation of the line-frequency rectifier
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original vector x given as:   
 

	x 	 i i i T = T-1 x	⇔  x= Txr (3) 
 
where iD, iQ, and iO are the d-q and the zero sequence 
components of the line current respectively. After 
transform a matrix and placing the d-axis at 900 ahead of 
the phasor of the supply voltage, therefore VD = 0 and 
VQ = - √2VS, VS in RMS value of the supply voltage. 
The time-invariant equations for the front end three-
phase line frequency rectifier can be represented by 
following: 
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C. High Frequency Resonant Circuit and Power 

Balance Relation 
 

By using the fundamental frequency, the high 
frequency resonant stage can be simplified using the 
fundamental frequency approximation [1]. The high-
frequency resonant stage to the line-frequency rectifier 
model can be coupled using power balance relationship. 
The switching frequency components of the diodes leg 
voltages VPWMC are all in phase with each other. The 
fundamental frequency equivalent circuit are obtained 
from Figure 3.  
 

 
Figure 3: Fundamental frequency equivalent circuit

 
The resonant circuit has as its input voltage, the 

converter and the common-mode PWM voltage 
harmonics, VPMWC [6]. L=Lp/3 is the effective value of 
the three parallel resonant inductors Lp, C=CS||CP is the 
series combination of CS and the three parallel 
capacitors CP, Re=(8RL)/π2 is the Steigerwald equivalent 
input resistance of the high frequency rectifier and load 
resistor RL [3],  the transformer turns-ratio and Ires is the 
RMS of the resonant current which is given by[1],and in 
power balance relation, the relations are used to 

combine the line rectifier model and the high-frequency 
resonant tank equivalent circuit; therefore:  
 

3
⟹ ,  (7) 
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(8) 

 
where 	  is the phase angle between the switching 
leg voltage and current. The difference between the 
active power drown from the switching leg and the 
active power regenerated back into the DC link via the 
input rectifier is the power supplied to the load based on 
fundamental frequency and by obtaining   from 
the analysis of the equivalent circuit and may be 
expressed as:  
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Zres in (10) is the impedance of the resonant tank and is 
given by 
 

1
						 (11) 

 
By using 	  in (9) simplify the (8) and (10) 
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Transient   relation between output voltage, VO and 
output current, IO   are required to complete the model of 
converter, where IO is the local average of the current 
feed into the load. Iz the small current disturbance placed 
in parallel with load resistance RL. The differential 
equation for the output filter capacitor is:  
 

Ires 

 4

√2
 

L C Re Ires 
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(14) 

 
D.      Complete Small-Signal Model 

Equations (4), (5), (6), (7), (12), (13) and (14) are the 
non linear equation of the converter under transient 
conditions, small perturbations around the steady state 
are considered for all variables and first order Taylors 
series expansions of the equations yeilds: 
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 (21) 

Equatians (15) - (21) are reduced and represented in the 
form of state space model 

	 	 	 	 	 	
	 		 

(22) 

 

where: T ,				  = the 
small change of the the variables.  

Equation (22) is solved numerically in MATLAB® to 
obtain the transfer function which gives the output 
voltage change in response to the change in the 
switching frequency. 
 
 

III. SIMULATION RESULT 
 

To illustrate the operation of the converter, 
simulation are presented in this work for a 2kW output  
power  with the full-load Q factor of 5, switching 
frequency of       100 kHz from a 115 Vrms line-to-
neutral, 50 Hz for power supply application. Table 1, are 
used to calculate the partial derivatives. The small-signal 
response of the converter is examined in this section.The 
components values are listed in Table 2. The 
components were calculated to give a modulating index 
M of 1.182, which according to [6] gives the equally 5th 
and 7th harmonics with given the value of 1.17.  

 
 

TABLE 1: STEADY-STATE MESUAREMENNTS 
Vs Iline Ires Vo Vdc

115Vrms 8.3A 20.8A 144V 344V
 
 

TABLE II: COMPONENT VALUES 
Vs(rms) 115V 

Ls 2.5mH 
Lp 260µH 
Cp 40nF 
Cs 60nF 
Cdc 20µF 
Co 50µF 
RL 11.37Ω 
Re 9.2Ω 
fs 100kHz 

 
 

 
A small step change of 2kHz (from 100kHz to 

102kHz ) in switching frequency is applied to the 
converter and the waveforms are abtained, compared 
and analysed to those predited by small-signal model 
and detailed MATLAB® simulations. 
 

Figure 4: Output voltage response to 2 kHz step change in switching 
frequency at 0.04s with nominal input voltage = 115Vrms 

Prediction

Simulation 
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Figure 5: DC link voltage response to 2 kHz step change in 
switching frequency at 0.04s with nominal input voltage = 115Vrms 

 

Figure 6: Red-phase line current response to 2 kHz step change in 
switching frequency at 0.04s with nominal input voltage = 115Vrms 

 

Figure 7: Resonant current response to 2 kHz step change in 
switching frequency at 0.04s with nominal input voltage = 115Vrms 

 
 

The output voltage and DC link voltage responses to 
the step increase in the switching frequency are shown 
in Figure 4 and Figure 5. The plots show the results 

from the small-signal prediation and the MATLAB® 
simulation. The predictions of the ouput voltage and DC 
link voltage transient in Figure 4 and Figure 5  are 
stisfactory, the shape and rise time of the predictions are 
good but the magnitude are smaller than the simulated 
value. Figure 6 shows the transient in the phase A line 
current in response to the step increase in switching 
frequency. The resonant current response to the step 
increase in the switching frequency is shown in Figure 
7. The simulation and prediction waveforms are in close 
agreement and  the small signal model is seen to predict 
accurately the change in current amplitude.  

 

IV. CONCLUSION 

 
In this paper, a small-signal model of the high power 

factor three-phase AC/DC converter with high 
frequency resonant current injection  is derived and 
through the examination of the small step change in 
switching ftrequency. The derivation and validation is 
described of small-signal model for the full-bridge 
current injection series resonant converter (FBCISRIC) 
are presented. The model may be used as a basic for the 
design of a controller to regulate the DC output voltage. 
Therefore, in this paper a small-signal model for the 
converter is derived that will  form the basis for the 
design of a closed-loop controller. 
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