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Abstract

This paper presents the investigation of analytical models for the approximation of conduction and switching losses
of the power-switch network in a three-phase AC-DC matrix rectifier. Analytical models of conduction and switching
losses can provide circuit designers with a measurable way to approximate the total losses of the given power
converter at different operating points so as to estimate the trend of the loss versus the change of the operating points.
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1. Introduction

Normally, a complete model for either conduction or switching loss of a given semiconducting device
involves many variables capturing steady-state and transient behaviors. In order to study the relation
between the power loss and the operating principles of a given topology, it is desirable to calculate the
power loss simply based on the variables, such as voltage, current, and switching frequency, which is
predictable from the operating principles of the given topology. When the thermal transient behavior is
ignored (which is reasonable for the approximation of power loss), the conduction loss at certain junction
temperature can be calculated by average R.M.S. current and average current through the target
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semiconductor. The On-state parameters at that junction temperature can be found in the relevant
datasheet.

However, for the approximation of the switching loss, the switched voltage, u, and the switched current,
i, are not sufficient for the datasheet-based calculation due to the requirement of many quantities involved
in the switching behavior. An effective way to enable the calculation using u and i with sufficient
accuracy is the measurement-based approximation. That is to work out a model by using the measured
switching loss and the corresponding u and i at a specified junction temperature. The experimental work
reported in [1] is one case of this approach. The switching model of a specific IGBT and free-wheeling
diode was obtained by quadratic least-square approximation from the measured data. Nevertheless, the
exciting solutions to the approximation of the conduction and switching losses are not able to predict the
trends of losses against various operating points fully. In the following analysis, the On-state parameters
of the same semiconductors in [1] are used. The junction temperature is assumed to be at 120°C.

2. Switching Loss Approximation

The energy loss w of one single switching action has dependency on switched voltage u and current i. It
is approximated by using (1), (2) and (3) [1]:
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where, u and i are switched voltage and current respectively; T and D denote IGBT and diode
respectively; Ki is IGBT switching loss parameter as in Table 1. The turn-on switching loss of diode is
ignored.

Table.1 Coefficients of the least-square approximation of the measured IGBT/free-wheeling diode switching losses at 120°C
junction temperature (77)

T; K1 K2 K3 K4 K5
Ty 179 -131  0.650  -0.116  0.00348
120°C  T,,  70.0 2.94 0.518 0.102 0.00155
D,y 97.7 —-3.73  0.488 0.140 0.00427

Units nWs(VA)! nWs(VA%)! nWs(V?)! nWs(V2A)! nWs(VZA?)!

3. Conduction Loss Approximation

The IGBT or diode is modeled as a series connected voltage source Vyp and resistor rp, shown in
Figure 1; T and D denote IGBT and free-wheeling diode respectively. The tested parameters reported in
[1] are listed in Table 2; rr is on-state resistance of IGBT; rp is on-state resistance of freewheeling-diode;
V7 is voltage drop of IGBT; Vyp is forward voltage drop of freewheeling-diode.
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Fig. 1. IGBT and free-wheeling diode equivalent circuit for calculating the conduction loss

Table.2 Tested IGBT and free-wheeling diode on-state parameters at 120°C of junction temperature

Tj rr rp Vr Vb
120°C 0.0787 0.038 0.768 0.732
Units V/A V/A v \Y%

The switch devices under discussion are gated on/off by ideal PWM signals. The conduction loss
within every switching cycle can be approximated as given by

P = 1ol 11poms T Vr n<".?' n> 4)
where, it/pms 1S the R.M.S. current within switching cycle; <irp>is the average current within switching
cycle.

4. CONDUCTION AND SWITCHING LOSSES of an AC-DC MATRIX CONVERTER

The overall structure of the AC-DC matrix converter [2] is shown in Figure 2.
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Fig. 2. Basic structure of AC-DC matrix converter used in MZC when MZC is in AC-DC rectification
The mathematical model can be expressed by equation (5)-(6).
Va(®)
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Where M is modulation ratio; V4, is the output DC voltage; Vicig is the peak AC line voltage; o is the

angular frequency of AC input. ¥}, and /,, stand respectively for the phase voltage peak and current peak;

Veg and 1, are the output DC voltage and DC current.
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Figure 3 One instance of switching states produced by AV-optimum PWM

Figure 3 indicates that there are four commutations in one switching period for one output phase and
that the sequence of the commutations is in the way of*‘a->b->cc->b->a”; They are helpful for working
out the switching loss model of AC-DC matrix converter. The basic condition for the following
discussion is that the sequence of current commutation is in the way of “a->b->cc->b->a” all the time,
and that the four-step current commutation method is used. The AC source is assumed three-phase
balanced voltage source. The load is resistive load. Gate-drives for individual switches are assumed ideal
and lossless. The input/output voltages are far higher than the forward voltage drop of IGBT or free-
wheeling diode, with which the switching action is treated as zero-voltage turn-on/off. Neither zero-
current turn-on/off nor zero-voltage turn-on/off contributes to switching loss.

In addition, the given power factor is 0.7 < pf <0.9, the modulation ratio 0.5 <M <1.155, the switching
frequency fsw=10kHz, the DC input voltage Vdc =42V, and the active power PO =2000W.

According to the various parameters given, the conduction loss, switching loss and total losses can be
calculated respectively:

Pree = 2AVr +Vp)lae +(rr +1p) 1] ©)
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According to the given values of the parameters, the calculated results are shown in Figure 4-9.
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Fig.5 Switching loss of AC-DC matrix converter when Vdc =42V
Figure 4,5,6 show the visual calculated results when the data in Table 1 are used. Table 2. Figure 7, 8, 9
show the visual calculated results when the DC voltage rises from 42V up to 200V under the conditions
mentioned above. It can be seen from Figure 9 that conduction losses decline sharply when the DC

voltage rises. The resulting increase in switching losses is much smaller than the reduction in conduction

losses.
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Fig.6 Total loss of AC-DC matrix converter when Vdc = 42V
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Fig.7 Conduction loss of AC-DC matrix converter when Vdc =200V
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Fig.8 Switching loss of AC-DC matrix converter when Vdc =200V
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Fig.9 Total loss of AC-DC matrix converter when Vdc =200V

Conclusions

Investigation of the conduction and switching losses is one of the fundamental requirements in the
thermal design of any power converter. The analytical models for the approximation of the conduction
and switching losses of the power-switch network in the proposed AC-DC matrix rectifier have been
investigated.
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