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Abstract - Average and small signal modeling of zero-
voltage transition three-phase boost rectifier is performed.
The effect of ZVT is introduced in the existing model for
the three-phase boost rectifier using the time-averaging
equivalent circuit approach. The small signal model is
derived from the average model. The small signal
characteristics are compared to the corresponding
characteristics without ZVT.

1. INTRODUCTION

Switching losses have become a major concern in
all applications requiring high switching frequency.
Hence soft switching has become a necessity in all high
power applications, especially in three-phase power
conversion. Several soft-switched three-phase PWM
boost rectifiers have been presented in [1]. A very
attractive topology is based on zero-voltage transition
(ZVT) technique [2]. and is shown in Fig. 1.
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Fig. 1 ZVT Three phase PWM boost rectifier

It was shown in [3] and [4] that the small signal
characteristics of a dc/dc converter change significantly
with the introduction of zero-voltage switching.
Although the three phase boost rectifier has been
modeled in [5] and [6], no effort has been made to
analyze the effect of zero-voltage switching on small
signal characteristics. The objective of this paper is to
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analyze the effect of ZVT on the small signal
characteristics of the converter shown in Fig. 1. The
average model developed in [6] is modified to include
ZVT similarly as was done for the modeling of the ZVT
dc/dc boost converter using the time-averaging
equivalent circuit approach [7]. The small signal model
is derived from the average model and the transfer
functions are compared to the corresponding transfer
functions of the conventional three-phase boost rectifier
to show the effect of ZVT.

2. PRINCIPLE OF OPERATION

The ZVT three-phase PWM boost rectifier is
different from the conventional one due to the presence
of the auxiliary network on the dc side. The dc-rail
diode, D, isolates the output capacitor and the load from
the bridge when the ZVT circuit (consisting of Ly, Saux
and D, is activated. The auxiliary network operates
only during the short turn-on transient to provide the
soft switching.

The operation principle is illustrated for the
circuit in Fig. 1 operating with six-step PWM (space
vector modulation) and unity power factor ({1].
Consider the 60° interval within the input line period
when i, >0, ip < 0, i £ 0. During this interval
switches Sap and Sa, are disabled, and the current iq
flows through the anti-parallel diode of the switch S,p.
In order to activate the ZVT circuit only once during
the switching period, turn-on instants of the switches
Sbp and Scp, are synchronized. Fig. 2 shows the relevant
voltage and current waveforms.

Prior to time Ty, the anti-parallel diodes of the
switches Sap, Sbn. Sen. and the diode D are conducting.
Saux is turned on at time 7p. Current through the diode
D starts decreasing and the current through L, linearly
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Fig. 2 Circuit waveforms within one switching cycle
wheni, >0,iy £ 0,i. < 0

ramps up until it reaches the input phase current ia.
Diode D is turned off softly at time 7.
This time interval is given by

; (1

where I, is the largest input current in the present 60°
interval and v, is the output voltage.

If the diode D is a fast recovery diode, then its
reverse recovery current will be negligible because of

the controlled dv/dt and di/dt at turn-off. After time 77,
current through L, continues to increase due to
resonance between L, and the equivalent capacitance
across the bridge, C;. During this time the bridge
output voltage, vp,, decreases in a resonant fashion until
it reaches zero at time 7>, when the anti-parallel diodes
of San, Spp and S¢p start conducting. At that moment

switches Spp and S, can be turned on under zero
voltage conditions. This resonant period is given by

T ;7 -~
T2—7}=? LrCr,

2

S,ux is turned off at 73 and its voltage is clamped to the
output voltage due to the conduction of Dayx. The duty
cycle of the auxiliary switch, da.., which determines the
delay between the auxiliary switch and the main switch
turn-on, has to satisfy the following condition in order
to achieve zero-voltage switching:
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ey 2 (T = Tp)+(T3=Tp) . ®)
where 7;-Ty and T> - T; are given by (1) and (2)
respectively, and 7y is the total switching period.

After time 7’3, the energy stored in the inductor is
transferred to the output capacitor through Daux. Daux
stops conducting at time T4 when the energy stored in
L, is completely transferred to the capacitor. This time
interval is given by:

u—n=(”“+44q)
vO

The operation of the circuit after time 74 is same
as its PWM counterpart. The circuit operation and the

waveforms are cyclically symmetrical during other 60°
intervals.

@

3. CONVERTER MODELING

The average model of the three phase boost
rectifier is developed in the same way as for its PWM
counterpart [6]. The effect of ZVT is introduced by
time-averaging equivalent circuit approach, [3] and [7],
which is an extension of state space averaging
approach.

If in the above example the ZVT circuit were not
activated, the average line voltages at the bridge input
would be, [6],

%)

Vab = dab Vo Vbe = dpc-Vor Vea = deg Vo -

In (5) dap = dg - dp , dbe = dp - dc and deq =d, -
d, , where d; (i=a,b,c) are duty cycles of the switches
Sip- Due to the action of ZVT circuit, d,p . v, decreases
and d., . v, increases by the average value of the shaded
area in the waveform of vy, in Fig. 2. This shaded area

can be easily calculated from Fig. 2 and the effective
change in duty cycles is given by

h-T% 25-17
T, x T,

s
In (6), Ty - Tp and T> - T; are given by (1) and (2)
respectively. The change in effective duty cycle, Ad , is
the same throughout the 60° interval and changes
cyclically within the line period. As a result, the
average model of the three-phase PWM boost rectifier
can be modified so that

Vap = (dgp — Jab - BA)Vo, Voo = (dpe = Joc - Ad)v,, R

Vea = (deg = Jea - Ad)v,.

Ad = dy —

(6)



where fap, foc and £, model the cyclical change in duty
cycles and are shown in Fig. 3.

Similarly, the average value of the current
supplying the output capacitor and the load without
ZVT would be, [6],

ip = dab ’iab +dbc 'ibc +dca -ica )
where
g =(ia ~ip) /3, ive =iy ~1) /3, icq = (i —ig)/3.

With ZVT this current not only decreases by the amount
ips , which is the shaded part of the waveform of ip in
Fig. 2, but also has an additional component through
the diode D,yx which is equal to the shaded part of the
waveform of i; inFig. 2, i.e.

iP = (dab‘iab +dpe.ip, +dca‘ica) =y, ®

where

i =ipg—ip, . ©)
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The components ip, and ir, can be easily derived

from Fig. 2 and are given by

. T,-T
Ips = (dawc _%J]m p

, T -T; v

1 = 1 + 9 . (1 1)
Lr.v 27} ( m JL’_ /Cr ]

In (10) and (11), 77 - Tpand T4 - T3 are given by (1)
and (4) respectively. 7, is the instantancous peak

value of the current charging the output capacitor. This
value varies during consecutive 60° intervals as shown

10)
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by the function f,, in Fig. 3. Then 7, can be

expressed in terms of the amplitude of input currents,

Ip, and feny as follows:
]mzfenv']p (12)

The remaining part of the circuit in Fig. 1 is
linear and can be described by, [6],

di
v =3L d‘;” +Vap,
Voo = 3L ";I;c T+, (13)
di
Veu =3Lﬁ+v€a,
and
i =C%-+io. (14)

Equations (6) to (14), together with (1), (2), and (3)
represent the average model of the ZVT three-phase
PWM boost rectifier shown in Fig. I, in stationary
coordinates.

4. AVERAGE MODEL IN ROTATING
COORDINATES

The average model in stationary coordinates
cannot be linearized to give a small signal model as the
variables are sinusoidal in steady state. Hence the
model is transformed to rotating reference frame using
d-q transformation, [5], [6]. However, d-q
transformation of the functions in Fig. 3 would also
result in time varying variables in steady state. The
approximate models can be derived if the functions £,

Joc and f;, are substituted by their first harmonics before
the coordinate transformation. The first harmonics of

Jab, Joc and fz4 are given by

23

Jab = - cos(wt).
)
Joc = 2J§co wt—“—”-)
w 3
Jea = Z—Jicos(wtwt—”—) (15)
/4 3

The function f;,, is represented with its average value,
3/ . The resulting model in rotating reference frame

is shown in Fig. 4. The angular frequency of the



rotating reference frame is equal to the line frequency
2nfi, and d-axis is aligned with the voltage vgp.
Variables fz5, foc and f;, are also transformed into d-q

frame and the corresponding d and q components are
given by

(16)

the corresponding results for PWM converter. The
above equations are derived under the assumption of
unity input displacement factor, when the steady state
value of the direct component of the input current, /; is
equal to /p, the amplitude of the input phase currents,
and the quadrature component, /; is zero. In (17) -(21)
uppercase letters denote steady state values, while the
symbol, ~ denotes small-signal perturbation.
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Fig. 4 Average Model in rotating coordinates

S. SMALL SIGNAL MODELING

The average model shown in Fig. 4 can be
linearized to give a linear time-invariant small signal
model. The linearized equations are shown below:

dld Vo - (Dd fd-Ad),\

=wi, -—2d, +| =4 1d: 24
a3 T\G LT )Y

(17

fd Ja-Vo 47

3L
di, s VoA
q 2] q A
—=—wiy——%d, -—%_, 18
dt 3.9 31°° (18)
doo 3Dd ~ 31d A 3Dq ~ 1 ~
—o-—dj yTdg T dF - 9
at  2c 4T 0T 0 aT e (19)
where
7 _ 3Lr 1 ~ 1d ~
Ad—daux - 7[]; [701‘} - V2 Vo] R (20)
and
P 3d,,, 3JLC, _18L ]d -
* n T, 2VT

(2D
9L1d _C ;
2V2T T,

To study the effect of ZVT, this small signal
model was simulated for a 5 kW converter (parameters
are in Appendix A) and the results were compared with
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Fig. 5 shows all the control to output transfer
functions required for control design, with and without
ZVT. There is a slight decrease in the dc gain, and
significant increase in damping introduced by ZVT.
This result is in agreement with previous results for
dc/dc converters, [3], [4]. The ZVT introduces

feedback in i; and v, through Ad and i.. The term
proportional to v, in (20) results in the change of dc
gain in (17) while the term proportional to i; in (20)
introduces damping in (17). Similarly, the term
proportional to fd in (21) effects the dc gain in (19) and
the term proportional to v, results in damping of (19).

6. CONCLUSIONS

In order to enable analysis and control design of
the ZVT three-phase boost rectifier, average and small
signal modeling was performed. It is shown that small
signal characteristics of the three-phase boost rectifier
vary appreciably due to ZVT.

The ZVT action has two effects:

I. It changes the dc value of the duty cycle

II. It introduces feedback from the output voltage and
direct component of the input current

The most pronounced consequences are that the first

effect limits the maximum duty cycle to some value less

than unity, while the second effect significantly

increases transfer function damping..
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The ZVT effects do not change sinusoidally nor they are REFERENCES

constant in steady state. In order to obtain time-
invariant d-q model, only the first order effects of ZVT
were taken into account. The resulting approximation
should not cause large errors, especially in the
linearized model. Additional assumptions used in the
model derivations are that all components in Fig. 1 are
ideal, and that the circuit operates with unity
displacement factor.

APPENDIX A

Power stage parameters:

input line rms voltage 180 V, Vo =350 V, L = 100 uH,

C =500 pF,L, =5 pH, C, =25nF, f; = 100 kHz, f; = 60 Hz,
Rioad =25 €, dax=0.1.
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