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Feedback Control Design of Zero-Voltage-Switched
Quasi-Resonant DC-DC Converters

Sira. Eaksuwan and Chanin Bunlaksananusorn
Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang (KMITL),
Chalongkrung Rd. Ladkrabang, Bangkok 10520

Abstract-In this paper, feedback control design. of- Zero-
Voltage-Switched Quasi-Resonant dc-de converters is presented.
The power stage model is .derived by a method- of circuit
averaging, while the control stage model, consisting of an Error
Amplifier (EA) and Voltage Control Oscillator (VCO),
determined by the input/output relationship -of the circuits. The
obtained models are used in feedback control design of the
prototyped converter. Test results show that the converter
exhibits good output voltage regulation and fast transient
response to a step-load change.

1.

A trend of modern electronic equipment design is
portability and compactness. This requires a power converter
used in the equipment be small size and light weight, which is
typically achieved by operating the converter at high
switching frequency. The penalty associated with high
frequency operation is, however, a more severe switching loss.
The switching loss is occurred due to a finite switching time of
a MOSFET switch used in the converter, which causes the
overlapping of the switch’s voltage and current during the
turn-on and turn-off transition. Apart from the switching loss,
high frequency operation also aggravates a turn-on- loss. The
turn-on loss is caused by a charge stored in the parasitic drain-
source capacitance (C,) of the MOSFET during the turn-off
interval dissipated as heat in a main conduction channel when
the device is turned on. The turn-on and switching losses
together contribute significantly to the overall losses at high
switching frequencies. Recently, a Zero-Voltage-Switched
Quasi-Resonant (ZVS-QR) dc-de converter has been proposed
to overcome these problems [1, 2]. In the ZVS-QR converter,
a resonant inductor and capacitor have been added to the
conventional dc-dc converter to shape the MOSFET’s voltage
waveform to create a zero voltage condition for the device to
turn on and off, thereby eliminating the switching and turn-on
losses.

Unlike its PWM counterparts, an output voltage of the ZVS-
QR converter is regulated by means of frequency control. To
achieve a stable operation and good output regulation, the
converter’s feedback control must be carefully designed. Past
research works of the ZVS-QR converters have mainly
emphasized the analysis and modeling aspects [3]. There still
lacks a work that details control design of the converter, This
paper, therefore, presents feedback control design of ZVS-QR
dc-dc converters. In section II, the converter’s control
principle is briefly described, followed by the derivation of a
small-signal transfer function of the elements that constitute
the converter’s control system. In Section III, feedback control
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design of a prototype converter is demonstrated. Section IV
presents experimental results measured from the built
prototype circuit. Section -V concludes the paper.

II. CoNTROL OF ZVS-QR DC-DC CONVERTERS

Fig. 1(a) shows a circuit schematic of 'a ZVS-QR buck
converter, whose control circuit comprises an Error Amplifier
(EA) and Voltage Control Oscillator (VCO). The converter’s
output voltage is maintained at a constant value by means of
frequency control as follows. The difference between the
output voltage, V,, and the reference voltage, V.5 is amplified
by the EA, yielding the control voltage, ¥, at its output. V, is
converted into a current /,., which charges Cyco and causes
the voltage, v, _, to increased linearly. When it reaches an
upper limit--of V,, the comparator’s output will go high,
turning on the switch, S,.. Cyco is now discharged and Voro
drops: precipitously.. When it.reaches a lower limit of V), the
comparator’s’ output will go low, S, turned off, and Cyco
enters the charge phase again. Hence, the comparator’s output
is a clock signal whose frequency is proportional to V.. The
signal processing circuitry is used to change this clock
frequency to a pulse signal with a constant off time to drive
the MOSFET switch [4]. Fig. 1(b) depicts the ideal waveforms
of the ZVS-QR buck converter, where the switch voltage (v)
is always zero at the turn-on and turn off instances.

h

Figure 1. (a) ZVS-QR buck converter (b) Ideal waveforms of the ZVS-QR
buck converter: switch voltage (v;), switch current (i,), resonant inductor
current (i, ), gate drive signal (v,,)

A control block diagram ‘of the ZVS-QR buck converter is
shown in Fig. 2. G,(5) represents a frequency-to-output voltage



transfer function of the converter’s power stage, while G,.,(s)
and Ggy(s) are a transfer function of the VCO and EA
respectively. Each of these transfer functions is derived below.

| /s
Ge, H%h——lwm

VCO
Power stage

Figure 2. Closed-loop control block diagram of ZVS-QR buck converters

Control stage

A.  Modeling of the power stage

The circuit averaging technique [3] is applied to derive the
power stage transfer function G,(s). Here, the derivation also
takes into account the effect of an Equivalent Series
Resistance (ESR) of the output capacitor, which had been
neglected in the earlier work [3]. Inclusion of the ESR will
yield a more accurate description of G,(s).

Figure 3. (a) ZVS-QR buck converter (b) Average circuit (c) Average circuit
in which the switch and diode are replaced by the current and voltage sources.

In one switching period, the averaged voltage of L, and
averaged current of C, are zero. Therefore, L, and C, can be
viewed as being short circuited and open circuited respectively,
as shown in Fig. 3(b). The averaged current of the switch (i)
and averaged voltage of the diode (v}, ) can be written in terms
of the averaged current of the mductor(zL ) and the averaged

voltage of the input (vm) as

F L igdt = Gy
s

Ty
vy =—;—L vydt =G,V
N

where T is a switching period. G, and G; are a characteristic
function which can be found by averaging the waveforms vp
and i, of the converter in Fig. 3(a), which is shown in Fig. 4. It
is found that G, and G; are equal expressed by

(1

(2)
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(a)
Figure 4. (a) Waveform v, and its average value (v,)) (b) Waveform i and its

average value i

Gv=G,.=l—2f—;{sin_'(l}/)+7r+2%/+y[]+ }1—%}} (3)
where
Z’L 7 L 1 1
- f =_S3 Z = _r? f =_7 Ar=—‘
AR Ll e LC,

Therefore, the averaged circuit in Fig. 3(b) can be redrawn by
replacing the switch and diode with the dependent current
source G; and dependent voltage source G, as depicted in Fig.
3(c). Equations (1) and (2) are a nonlinear equation. They can
be linearized by small-signal perturbation. Applying the
Taylor series expansion to (1) and (2), the small-signal linear
terms can be written as

By = kit il 4k s @)
i =k, Vi, +kiiiLf +kiffY (5)
where
RO Ao (Rl
av, |2y y
oy ~Zoful 1 |
o e SN0 Wi 837 4R Ll = .
5 Bil_f 2 |27 . (yl)D
2 _aV)_ Ve Lyl 1 1 } |
l\‘]—af; = z—mz[sm (;]4’”"'5}4‘}/{1'* l—?]]a
TS| TNy
W) Ze2n 2y’ 7
9, v oM 1
k.. = _: =fr. Rl 1-| — .
i A )
iy o (1 1 1
L=—2=——C |sin" | — |+7+—+y| 1+ [I-— ||
i1 f, y 2y

Therefore, a small-signal equivalent circuit of the ZVS-QR
buck converter can be drawn as shown in Fig. 5

Ll
AL
v

n r(
f
kwlL Rl.
/ C/
2\

Figure 5. Small-signal equivalent circuit of ZVS-QR buck converter
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By choosing the filter inductor current, i, , and capacitor
voltage, ¥, , as a state variable and the output voltage, 7, as
an output variable, the following state-space equation can be
written from Fig. 5:

d;l.f ﬁ_ R"rc/ _ RL -
ar |_ Lf Lf(RL +rC/) Lf(RL +"c/) 'iL/
. R, 1wl ®

f - Lt -
dt Cf(RL+rC/) Cf(RL+rC/)

™

- R,_VC[ RL i;‘/
R +r. RL+rC/ 7,

' The frequency-to-output voltage transfer function can be

determined from (6) and (7) by setting v;, = 0, which is given
by:

8
c (s)=ﬁ”(s)=K rcj_Cfs+l ®)
P 7 c k.—r
1@ 1 el e
LC, , TTRC L
st + s+1
A |
RL RL
k
where K = Y
ot
RL

B.  Modeling of the control stage
The control stage consists of the EA and VCO as shown in

Fig. 6. The EA amplifies the difference between ¥, and V.7,

producing the control voltage ¥, at its output. Since , is fed
back to the non-inverting pin of the EA, ¥, will increase if ¥,
is more than V,.r, and vice versa. The componehts Ry, Rg, Crs,
and Crp connected around the EA form a one-zero and two-
poles compensation circuit, with a transfer function

C
i 1 vco, Yy
" Clock
Re Crs oo
R v 1Y
I
Vrej MW= y CreoSreo ¥ —————
Vo ot — ¢ J_
(@) (b
VM max
vCVco
= Ts" VM min
Clock

©

Figure 6. (a) Error Amplifier (EA ) (b) Voltage Control Oscillator (VCO)
(c) Waveforms showing VCO operation
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®

where
o ! :
R(Cs+Cr) “n ( e ) " RC,
RF FSTFP

. CFS+CFP

As shown in Fig. 6(b), V. from the EA is converted into a
current I, to charge Cyco.. The voltage across Cyco, va,is
compared to a window voltage Vi (Fig. 6(c)). When v,
reaches Vi max, the. comparator’s output will be high and turn
on Syce. This causes Cycp to discharge and Vero is decreased
precipitously. When it reaches Vi i, the comparator’s output
will be low and turn off Syco: I, Will charge Cyco to continue
the same process again for the next period. Hence, the
comparator’s output is a clock signal whose frequency is
proportional to V.. This clock frequency defines a switching
frequency of the MOSFET switch.

From Fig. 6(b), v, is expressed as

w, =

s
1
Voo = | 5 Trcodt (10)
e (! Cvco R
where [,.,=——1V. and is a constant of
AW oty WA el vco
proportionality between I,., and ¥, . From (10), it yields
|14
VM max 1 < TS+VM min (11)
i Creo Ryco -

where T, = s 4
s
From (11) the small-signal transfer function of the VCO is
written as

7o (s 1 1
Go=t@e LA 1 12)
Ve(8)  CyueoRico Vi
where Vi, =V v = Var_sin:

II. FEEDBACK CONTROL DESIGN

With the block diagram in Fig. 2 and the derived transfer
functions in (8), (9), and (12), feedback control design of a
prototype ZVS-QR buck converter can be now performed. The
followings are parameters of the converter’s power stage: V;, =
20to0 25V, V,=5V,I,=1t0 5A (R, =5 to 1Q), f; = 100kHz to
271kHz, Ly= 55uH, C,= 200pF, L, = 11.9uH, and C, = 19nF.
The control stage parameters are: Ryco= 58kQ, Cyco= 360pF,
and V= 1V.

As the input voltage and load current are changed, the
converter’s switching frequency, f;, is varied to regulate the
output voltage. f; is maximum when the input voltage is
maximum and load current minimum. At this maximum
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frequency, the converter has a more tendency to become
unstable than at the lower frequencies. Thus, to ensure system
stability, control design will have to be carried out at this
extreme condition, i.e. Viymax = 25V, I nin = 1A (R max = 5Q),
and f; .. = 271kHz. Substituting the relevant parameters into
(8) and (12), the power stage and VCO transfer functions can
be determined as:

(1+1.9x107s)
(1+2.298x10™s5)(1+3.621x107s)

Ss(s) _ 1 1
= 7 (14)
ve(s)  (360x107°)(58000) (1)

Given the above G,(s) and Gyco(s), a compensation circuit
of the EA can be now designed, following the frequency
response method [5]. The crossover frequency, f;, is chosen at
4kHz. The zero of Ggy(s) is placed at w,; = 1.5kHz, the first
pole at the origin, and the second pole at w,;= 35kHz. Based
on these selected f; and pole-zero location, the compensation
circuit component values are calculated and rounded off to the
nearest standard values, obtaining R; = 5.6kQ, R=10kQ, Crs
= 10nF and Crp = 500pF. Therefore, Gg4(s) is expressed by

(1.0x1075+1)
s(4.76x10‘6s+1)

G,(s)=-2.672 13)

Gyeo(s)=

Gpy(s) == 1+(1.7x10*) (15)

The designed compensation circuit yields the open-loop
frequency response, ie. the frequency response - of
Gea(s)Grco(s)G,(5), shown in Fig. 7. The plot indicates high
DC gain, the phase margin of 64.5° and the crossover
frequency of about 4kHz as designed. It predicts that the
converter will be stable due to the wide phase margin, and
exhibits good output voltage regulation because of the high
DC gain.

o 60
% 40} crossover frequency =4kHz
<
s 20 Y
3 0 1; . i TNV
g 0
& 40}
= 60+
80
-100: i :
=90 TR .
3T ——
g
$0-1207
g |
2 ! °
8 -150¢ phase margin = 64.5
~
-180" . st s st s iR
T 7/
10 02 3 4 5 6
1 10 Frequenc§r°(}u) 10 10

Figure 7. Open-loop frequency response of the designed converter.

IV. EXPERIMENTAL RESULTS

Table I shows an output voltage of the prototype converter
measured at different values of the input voltage and load
current. It can be seen that the output voltage is regulated at
around 5V throughout the converter’s operating range. This
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result agrees with the prediction in Fig. 7 that the high DC
loop gain would yield the converter good output voltage
regulation. The output voltage transient responses subjected to
a step load change are shown in Fig. 8. When the load is
stepped from [A to 5A, the maximum output voltage drop and
the settling time are measured at about 700mVand 650us
respectively. The similar results are obtained, when the load is
stepped back from 5A to 1A.

TABLE I
MEASURED OUTPUT VOLTAGE
Output Voltage (V,)
Input Voltage (V;,) 1A 2A 3A 4A 5A
20V 4981 | 4976 | 4971 [ 4962 | 4.955
25V 4975 | 4977 | 4.974 | 4966 | 4.959
CHISS00mY: T S00us/Gv
ARG L1 § (S00us/Gv)

: NORMZMS/S

Figure 8. Output voltage transient response

V. CONCLUSION

Feedback control design of Zero-Voltage-Switched Quasi-
Resonant dc-dc converters has been presented in this paper. It
first described the derivation of the small-signal models of the
converter. The obtained models were later used in control
design of the prototyped converter. Test results shown that,
with the designed compensation circuit, the converter exhibits
good output voltage regulation and possesses fast transient
response to the step-load change.
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