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Abstract -- This paper presents a low-intensity average value
model for a resonant dc-dc converter using the concept of
generalized state-space averaging. This model takes advantage of
the periodic nature of the converter operation and represents its
response using the time-domain evolution of its Fourier series
coefficients. Reduced computational intensity is obtained through
neglecting high-frequency switching components. The usefulness
of the developed average-value model is demonstrated for a
multi-converter resonant system.
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I. INTRODUCTION

ODERN power systems increasingly rely on advanced

power electronics to provide controllability and
flexibility in the way real and reactive power flow in the
network [1-3]. Power electronic converters are also the
enabling means of connecting renewable energy sources into
the existing grid [4]. Despite their fundamental role in these
undertakings, power electronic converters do suffer from
limiting factors such as high switching losses and
electromagnetic interference (EMI), particularly when high-
frequency pulse-width modulation (PWM) techniques are
adopted [5-7].

Resonant power-electronic converters offer an alternative
and appealing solution in that they allow high-quality
conversion with the possibility of significantly reducing the
associated switching losses [5-7]. Reduction of losses is
achieved through soft-switching techniques such as zero-
voltage or zero-current switching. Additionally, by allowing
increased switching frequency without incurring additional
losses, these converters can operate with smaller and more
compact energy storage elements.

Operation at high switching frequencies poses significant
challenges in developing computationally efficient models for
the electromagnetic transient (EMT) simulation of resonant
converters. To capture the operation of the system, excessively
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small simulation time-steps need to be used, which prolong
the simulation time and may also result in numerical
inaccuracies. These challenges are only exacerbated when
multiple converters are operated in concert, a situation that is
frequently encountered in practice. Development of reduced-
intensity computer models for resonant converters is,
therefore, an important undertaking that eases the design and
computer simulation of resonant multi-converter systems.

The paper presents a low-intensity average-value model
for resonant dc-dc converters using the concept of generalized
state-space averaging [8]. This model takes advantage of the
quasi-periodic nature of the converter operation and represents
its response using the time-domain evolution of its Fourier
series coefficients. The model represents the average dynamic
behavior of the converter, and is shown to be adequately
detailed for system-level design and controller tuning
purposes. The model is capable of representing the average
behavior of the converter without having to consider its
switching-frequency content. The model also allows inclusion
of additional Fourier coefficients, if desired, to increase its
accuracy.

The developed average model is verified against a fully-
detailed EMT model of the converter. Case studies are
presented, in which average-value models for multiple
converter systems are developed and compared with the EMT
models in terms of accuracy and simulation run-time.

II. RESONANT CONVERTER CIRCUITRY AND OPERATION

Figure 1 represents a simplified circuit configuration of a
dc-dc resonant converter. It consists of an inverter, a resonant
tank and a rectifier. The purpose of the dc-ac inverter is to
generate a square wave voltage from a fixed dc voltage source.
The generated square-wave waveform has a fundamental
frequency sinusoidal component, which can be extracted using
a low-pass filter. Therefore, a passive resonant low-pass filter
can be designed in such a way to generate an essentially
sinusoidal waveform from the given square wave.

The generated sinusoidal waveform can be rectified as
shown in Figure 1. The rectified waveform contains a dc
component. An adequately large capacitor is usually employed
to remove the dc component and to provide energy for the
load.
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Fig. 1. Simplified circuit diagram of a resonant converter.
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III. GENERALIZED STATE-SPACE AVERAGING OF
RESONANT CONVERTERS

The characteristic switching operation of power electronic
converters leads to periodic changes in the circuit
configuration, and hence a non-linear dynamical system [8-
10]. For each combination of the states of the switching
devices, a separate set of equations is to be defined to describe
the circuit. Successive solution of these equations while
maintaining continuity of state variables (e.g. capacitor
voltages and inductor currents), yields the complete solution
of the circuit. Given that each switching state typically only
lasts for a short period of time and is followed by another
state, the number of sets of equations describing the dynamics
of the circuit becomes large and its solution requires massive
and time-consuming calculations [9-12].

In generalized state-space averaging technique [8], quasi-
periodic circuit variables are described using their time-
varying Fourier components. State equations are developed for
each Fourier component to determine its evolution with time.
It is often observed that a small number of Fourier
components are adequate to describe the time-domain
variation of the variables of interest with reasonable accuracy.
This implies that low-order average-value models can be
obtained by only considering one or a few components of the
Fourier representation. Addition of more components
increases the accuracy at the expense of computational
intensity.

A. Mathematical Background of Generalized State-Space
Averaging
The method is developed based on the assumption that

waveform Xx(t) can be approximated on the interval (t — T ,t]
with Fourier series representation of the following form.

Xt-T+s)= §<x>k(t)eik”s<”+s> (1)
k=—o0

2
where o, = ?ﬂ ,$€(0,T], and <X>k(t) are the complex

Fourier coefficients [8]. The complex Fourier coefficients are
determined as shown in (2).

(x), (1) = Tl jx(s) g esgs 2)

This expression denotes the Fourier coefficients of the
function calculated over a single period of the periodic
function, i.e. (t—T ,t].

Certain properties of Fourier coefficient such as differen-
tiation with respect to time (3) and convolution (4) are
necessary to analyze and convert state equations into complex
form [8].

d d .
a<x>k(t)_<a x>k(t)— jkeo,(x), (1) 3)

(x-y), :Z<X>k—i (¥, )
i
Index k = 0 indicates the dc component of a given
waveform, and index k = 1 specifies the fundamental
component.

B. Average-Value Model of the DC-DC Resonant Converter

A dc-dc resonant converter with a high-frequency
isolating transformer is shown in Figure 2. The schematic
diagram also shows additional elements for representation of
the load and the source. A resistance (R;) in series with the
resonant tank represents the resistive losses of the tank.

The circuit presented in Figure 1 is used as a reference to
develop the underlying equations that describe the dynamics
of the resonant converter. The output voltage of the inverter is
a square wave with a frequency equal to the switching
frequency. Therefore, the voltage waveform at the inverter
output can be shown mathematically as follows.

Vg =V - Sign(sin wgt) 5)
where V. is the magnitude of input voltage source and sign(x)
is the sign function defined in (6).

I x>0
sign(x)=9 0 x=0 (6)
-1 x<0

The input voltage to the rectifier is in phase with the
resonant tank inductor current to ensure the switching occurs
at zero crossing and can be shown as follows.

Vg = N -V - sign(is) @)
where n is the transformer turns ratio. Similarly, the rectifier
output current can be mathematically shown as follows.

| = abs(ir) ®)

Equations (9) to (12) summarize the mathematical
representation of the entire resonant converter.

di, 1 . 1
> =—| v, —R,i -V ——V ©)
dt Lr( S r's Cr n Rj
dv, 1.
i ~c" 10
r
dvazl(lis_iRj (11)
dt Cp n
v 1

_( bS(iR)—VJ (12)
dt C f Rload
where C,, L;, and R, are the resonant tank’s series capacitor,
inductor and resistor, respectively. Rjsaq is the load resistance;
C, is the resonant tank’s parallel capacitor, and Cs is the output
filter respectively.

The operation of the dc-dc resonant converter shows
primarily sinusoidal waveforms for the ac sides and essentially
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Fig. 2. Resonant circuit under consideration.

constant quantities on the dc sides. These are however
overlaid by high-frequency switching components that have
relatively small magnitudes. Therefore, in the development
of an average-value model, only index zero (for dc) and
index one (for ac) Fourier components are considered.

C. Average-Value Converter Model

The average model of the converter is obtained by
applying the averaging operator to the converter equations
given in equations (9) to (12). For dc variables the zero-
order component (k = 0) is considered and for ac variable,
the first-order component (k = 1) is considered.

IV. MODEL VALIDATION AND SIMULATION RESULTS

In this section, the average-value model developed for
the considered resonant converter is validated against a
fully-detailed electromagnetic transient simulation model.
The EMT model is developed in the PSCAD/EMTDC
simulator and includes the high-frequency switching
components of the response.

The multi-converter resonant circuit shown in Figure 3
is considered for this study. The circuit consists of 10
identical resonant converters each connecting a 250V dc
source to a common dc bus. The identical resonant
converters were used to simplify the modeling aspect of the
test case and to demonstrate the computational complexity
of the fully detailed EMT model. The simulation speed
enhancement will remain unchanged even if different de-dc
converters were used. A dc-ac collector converter inverts
the dc bus voltage to supply ac, fundamental-frequency
power to an ac network. This converter system layout may
occur, for example, when renewable energy sources or
large-scale battery storage systems are to be pooled
together and connected to an ac system. Table I shows
specifications of the considered test case.

Average-value models of each converter are developed
and interfaced to yield the average model of the entire
converter system. An EMT model of the system is also
developed. Identical test scenarios are followed for the two
models for a simulation period of 4 seconds. Both models
are run on an i7 processor at 2.80 GHz (8.00 GB RAM, 64-
bit operating system).

high-frequency I filter
transformer
1:n Ir
l + c, |1t |
CPT VR - V gr Rload
+1— | full-bridge B
parallel element of rectifier
resonant tank
TABLEI
TEST SYSTEM SPECIFICATION
Quantity Rating
Nominal dc bus voltage 980V
Converter droop 1%
Rated power 50 kW
Rated voltage 1000 V

Table II compares the total simulation runtime of the
detailed EMT model and the average-value model. As seen
the simulation runtime has reduced drastically by using the
average model. It should however be noted that with a
larger number of converters the complexity of resulting
system of equations will grow as well. Note that the
reduced harmonic content of the average model allows use
of a larger time step for representation of the limited
harmonic components considered and hence contributes to
the increase in the speed of simulation.

TABLE II
THE SIMULATION RUNTIME COMPARISON
Simulation time (s) Time step
Detailed EMT model 3763 2 us
Average-value model 82 50 us

Figures 4 through 7 compare the detailed model and
generalized state-space averaging model. The ac current
and voltage waveforms on the HV side of the VSC are
presented in Figures 4 and 5, respectively. DC bus current
and voltage are shown in Figures 6 and 7, respectively.
Except for the high-frequency switching content the
generalized state-space averaging model demonstrates
close conformity. Figure 8 shows the reference voltage
waveforms generated by the detailed and the averaged
models. Figure 9 presents the transient response of both
models to a step change in the dc bus voltage.

Figures 10 through 13 compare the detailed model and
generalized state-space averaging model during a dc fault
on the positive rail of dc bus (see Figure 3). The average
model follows a similar pattern during fault as the detailed
model. There is however a small phase delay in the
waveforms produced by the average model (only during the
fault), which are attributed to the harmonic content of the
controller input waveform during the fault.
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Fig. 9. Transient response comparison of dc bus voltage.
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Fig. 6. Comparison of the dc bus current (ld).
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Fig. 10. Transient response comparison of dc bus current due to a dc fault.
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Fig. 11. DC bus current before, during and after a dc fault.
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Fig. 12. Transient response of the dc bus voltage due to a dc fault.

V. CONCLUSIONS

The paper developed a generalized state-space averaging
model to verify its computational efficiency in the
simulation of high-frequency resonant converters. The
average model was validated by comparing its response to
the original circuit, in the simulation of a multi-converter
dc-ac system. The results demonstrated the efficacy of the
developed model in representing the average behavior of

the

system variables while reducing its simulation time

step.
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Fig. 13. DC bus voltage before, during and after a dc fault.
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