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Abstract—Switched-capacitor (SC) converter is a type of vari-
able structure systems. SC converters are typically equipped with
open-loop control or some linear feedback control methods. How-
ever, these approaches provide slow dynamic response speed, small
operation region, and large voltage ripple. Some new nonlinear
control methods have been proposed in the literature to overcome
these barriers. However, such control methods are usually pro-
posed for applications involving low-power SC converters due to
the limitations of them. This paper presents a nonlinear constant
on-time variable frequency one-cycle control (CVFOCC) strategy
based on dynamic capacitor ampere-second balance transient cal-
culation (CASBTC) modeling method and one-cycle control (OCC)
technique for high-power SC converters. This method successfully
addresses the regulation issue of high-power SC converters. A
high-power 3X Two-switch Boosting Switched-Capacitor converter
(TBSC) is employed as an example topology. Simulation and ex-
perimental results both demonstrate that CVFOCC method could
significantly improve the dynamic response speed and achieve ex-
cellent line and load regulation for the high-power SC converter in
wide operation range.

Index Terms—Dynamic capacitor ampere-second balance tran-
sient calculation (CASBTC), high power, one-cycle control (OCC),
two-switch boosting switched-capacitor (TBSC) converter.

1. INTRODUCTION

UE to the advantages of light weight, small size, high
power density, and absence of inductive elements,
switched-capacitor (SC) converters have been widely used in
low-power applications [1]-[3]. There are different kinds of
control methods for regulation of SC converters investigated
under low-power applications from several milliwatts to tens
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of watts. The most popular methods are pulse width modula-
tion (PWM) [4]-[5], current source [6]-[8] modulation, and
frequency modulation (FM) [9]-[11]. As shown in papers [4]
and [5], due to the symmetrical structure of power stage of SC
converters, the duty-cycle should be limited below 0.5, which is
required to prevent the overlap of control signals (e.g., in high-
power area) for different switches in SC converters. As shown
in [12], for SC converters, the current at charging or discharging
phases is decaying exponentially and system conversion ratio
is M(D) = ,Dﬁ‘“l‘“%)

(1-eRC)[1-L(R+R.)C]
tic of SC converters challenges the controller design. In an SC
converter, the time constant 7 of the charge loop is typically
small [13]. To achieve effective regulation, it is necessary for a
controller to ensure the turn-on time of a transistor below the
time constant 7 of charging loop. As a result, the conventional
linear control method is forced to work in a narrow operation re-
gion [14]. Recently, some nonlinear control methods have been
proposed to achieve wider operation range and better dynamic
performance. The variable structure control (VSC) (i.e., the slid-
ing control method in [13]) based on energy balance principle
was proposed in [12], which established the fact that nonlinear
approaches could improve the dynamic and steady-state perfor-
mance of SC converters. However, with this control method, it is
necessary to assure the existence and stability conditions of the
sliding mode operation. Another control method that adopted
adaptive mixed-on time and variable frequency control to re-
duce input current spike was provided in [15]. It was used in the
interleaving SC cells to achieve seamless charging current from
power source.

When it comes to the high-power SC converters, the voltage
regulation is more challenging due to the high-peak pulsating
current and the stress limitations of semiconductor devices [16].
So far, the major research activities have been mainly focused
on the topologies of high-power SC converters [17]-[20]. Un-
regulated open-loop control method was adopted to achieve
high efficiency, convenience, and low cost in [16] and [21].
The output voltage was established by a fixed voltage ratio. In
some literature [22]-[23], inductive elements along the charge
and discharge loops were introduced to change a SC converter
to be a resonant switched-capacitor Converter (RSC) to miti-
gate current pulsation but still with fixed gain. The inductive
element is helpful to suppress the peak charging current and

. The nonlinear characteris-
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reduce the stress of components. Effort has been made to in-
troduce the close-loop voltage regulation for the high-power
SC converter. The high-power two-switch boosting switched-
capacitor (TBSC) converter has been proposed in [24]-[26],
which demonstrated high efficiency (97.5% peak efficiency)
with the soft rising edge input current. Based on the charge-
balance transient-calculation (CT) modeling method and current
stress estimation, the output voltage regulation for 3X TBSC
converter was achieved by using proportional—integral (PI) con-
trol method. However, the performance on the response speed,
line and load regulation, and operation range of the TBSC con-
verter could be improved by introducing a nonlinear control
method. The large-signal nonlinear one-cycle control (OCC)
method was proposed in [27]-[31], which is capable of reject-
ing the external disturbance through one switching cycle and
is widely used in the traditional inductor-based converters. The
duty ratio d of a switch is controlled such that in each switching
cycle the average value of controlled variable in a converter is
exactly equal to or proportional to the control reference in the
steady-state. This control concept is straightforward with simple
implementation circuit featuring in one cycle response speed,
robust performance, and automatic switching error correction.

A constant on time (‘“on time” is smaller than the time con-
stant 7 of charging loop) variable frequency nonlinear one-cycle
control method (CVFOCC) for the high-power TBSC converter
is proposed in this paper. It provides the superior regulation
performance in a wide operation range. Moreover, it provides
constant and controllable input peak current under variable load
conditions.

II. MODELING AND DEVELOPMENT OF CVFOCC
METHOD FOR TBSC CONVERTER

A. Modeling Methods for SC Converters

There are different modeling methods for SC converters. The
state-space averaging model for SC converters was adopted in
[32] and [33] to obtain the converter voltage ratio. This mod-
eling method was originally developed for the conventional
inductor-based converter. However, the steady-state model of SC
converters can be represented by derivation of the “equivalent
output equivalent resistance.” Average-current-based conduc-
tion loss model was shown in [34] and [35], this modeling
method takes into account both duty cycle and frequency effects
on equivalent output impedance. The slow and fast switching
limit model was developed in [36]. Based on energy conser-
vation, the equivalent output impedance of SC converters was
calculated in slow frequency or fast frequency end respectively.
The work in [34] was the extension of [36]. The modeling result
in the area between fast switching and slow switching limits was
also explored in [34]. The charge-balance transient calculation
modeling method was proposed in [24]. The flying capacitance,
loop resistance, duty cycle, and frequency are all addressed in
its modeling result. This modeling method provides prediction
of circuit behaviors at variable duty cycle and frequency condi-
tions. In [37], the static model of SC converters was expanded by
including the dynamic behavior at the input voltage change and
reference steps. This modeling method successfully addressed
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Fig. 1. Topology of 3X TBSC Converter.

both transient and static conditions. Based on discussions above
and different modeling methods, a dynamic CASBTC modeling
method is proposed which yields accurate transient prediction
of TBSC converter. In combination with CVFOCC method, the
TBSC converter can be properly regulated in wide operation
range with robust performance.

B. Modeling of 3X TBSC Converter With CASBTC Method

The 3X TBSC converter is shown in Fig. 1 and its equivalent
operation circuits are shown in Fig. 2. With CASBTC modeling
method, this 3X TBSC converter has two operation states as
shown in Fig. 2 (a) and (b). In State 1, when switch .S; is ON
and switch S5 is OFF, the flying capacitor C1; is charged by the
power source for Ty, time period. During the same time period,
the flying capacitor C', releases its stored energy to capacitor
C5,.The series connected power source, capacitors Cy, and Cy;,
sustain the output voltage and power the load resistor. On the
other hand, in State 2, when switch Sy is ON and switch S is
OFF, the flying capacitor (', is charged by the power source
for Ty time period. During the same time period, the flying
capacitor C1;, discharges its stored energy to capacitor Cy;.The
series connected power source, capacitors Cs, and Cy;, again
support the output voltage together to power the load resistor.
C1p and Cy, are concurrently charged for Ty, time period
during State 1 through switch S;.0n the other hand, C, and
Yy, are simultaneously charged for Ty time period during State
2 through switch S5. In one switching cycle, the load resistor
is continuously absorbing power through the series connected
power source, C, and Cy;. In order to facilitate the modeling
construction and analysis, the following assumptions are made:
1) assume switches S; and S5 are identical with the same
“on resistance” (Ry1 = Ry2);

2) assume flying capacitors Cy,, Cip, Csy,, and Cy;, are
identical with the same capacitance (C}, = C}, = Cy, =
(s, = C) and same equivalent series resistance (R.1, =
Ro1y = Reaa = Reap = Rc);
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3) assume diodes D;,, Dj, Do,, and D, are identical
with the same “on resistance” (Ry1, = Ra1p = Rag2a =
Riop = Rq);

4) the forward voltages of diodes D;,, D1y, Dy, and Doy,

and internal resistance of power source are neglected;

5) when switch S; is ON, switch Sy must be OFF and vice

versa.

During charging period (State 1) of C'y;, as shown in Fig. 2(a),
(1, is charged by the power source. Based on Kirchhoff’s Volt-
age Law (KVL), the instantaneous charging current of C1; can
be estimated as

Vin — Vs (2) _ Cdvclb<t> 0

" 2R,; + Rawp + Rewy dt

Lenip (T)

where V4, is input voltage, and V.1, (t) is instantaneous voltage
of (', in State 1.

Considering (1), the charge of C}; during State 1 can be
derived as

Ton Vin - V;:lb (t)

=1 t) Ton =
Qcharge chlb( ) on o Rsl n Rdlb n Rclb

at (2

where Ty, is the “on time” of switch S;.
In one switching cycle, based on KVL, the instantaneous load
current of 3X TBSC converter can be derived as
Vo (1) (Vi + Veaa (t) + Viay (1)) = V;, (1)

I, = = 3
o(t) RL RcQa + R(;Qb ( )

where V, (¢) is instantaneous output voltage, V.o, (¢) is instan-
taneous voltage of Cs,, and V,9;(t) is instantaneous voltage of
Cap.

During the discharging period (State 2) of Cj;, as shown
in Fig. 2(b), C; discharges its stored energy to Cy,. Since the
charge delivered to load will be first stored in intermediate flying
capacitor C; as shown in [24] and [26], the negative discharge
of C; during discharging period can be expressed as

—Quischarge = —Lais1y (1) Tosg = Lo (t) (Ton + Torr)  (4)

where Igis1,(t) is instantaneous discharging current of Cyy, in
State2. Ty is the “off time” of switch .S;.

5467

Reza
CZa;= Va
n 7l|+ﬁ(ﬂz
'
Dla R
Vmi..— Ichla
- i
Reonl) B2
Covi= W Vit D
| +
}_Rrﬂa

Equivalent circuits of two operation states for 3X TBSC converter (a) State 1 [0, Ton]; (b)State 2 [Ton, T's -

Substitute (3) into (4) and assume the discharging period of
C1y is linear, (4) can be rearranged as

(Vin 4+ Veza (8) + Veapy) — Vo (1)

Ton + Togr)-
Rc?a + Rn?b ( + ff)
(5)

The one switching cycle dynamic capacitor ampere-second
balance of C;, can be expressed as

Qcharge - Ichlb (t) Ton = *Qdischarge = Io (t) (Ton + Toff)~
(6)
Submitting (2) and (5) into (6), the (6) can be rewritten as

/T“" Vin = Ver
o 2Rs1 + Raip + Rewp
(Vin + Veaa (£) + Veay (2)) =V,

= Ton + Tosr). 7
Rc?a + Rc?b ( ff) ( )

Replacing (Vi 4+ Veaa () + Veop (t)) by the reference voltage
Vier and letting 91 = g7—F—7— 1+R110+R»1b and 0y = the
(7) could be rearranged as '

- Qdisoharge =

dt

1
Reoa+Reap?

TO“
0 [ (Vo= Vias ()t = B (Vis = Vo) (Ton + Ter). ®
0

Using the similar analysis principle for C', and letting 3; =
m and (3 = m, the one switching cycle
dynamic capacitor ampere-second balance of C, can be derived
as

T
61 /T (V;n - ‘/(:la (t)) dt = ﬁ? (‘/ref - V;)) (Ton + Toff)~ (9)

The output voltage conversion ratio based on CASBTC mod-
eling method is derived as (10) shown at the bottom of the
next page, where, R, = Ry + Rg + R.and Rgis = Ry + Ry +
2R..

For the detailed derivation, refer to Appendix.

The 3X TBSC converter can be controlled by the proposed
control method with the modeling equations (8) or (9). In this
control method, the transistor is adjusted by constant 75, and
variable Tq. It can be observed from the modeling equations (8)
and (9), the instantaneous value of input voltage, voltage of the
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flying capacitor, output voltage, and one switching cycle time
period T (T = Ton + Tofr) are all included in the modeling
equations. As a result, the external disturbance in the power
source and load can be immediately rejected by adjusting the
turn off time which effectively changes the switching frequency
and duty cycle simultaneously. The “control signals overlap”
rejection can be achieved by setting a smaller “on time” T,
compared to the time constant 7 of the charge loop of C;. On
the other hand, the operation of the current state is independent
to the history states by using a resettable integrator which will
be presented in the controller circuit.

III. OPERATION PRINCIPLE OF CVFOCC METHOD
FOR TBSC CONVERTER

A. CVFOCC Technique

In this paper, the CVFOCC method is constructed in combi-
nation with 3X TBSC converter. As (4, and Cy; deliver same
amount of charge during one cycle, it is only needed to con-
sider the dynamic capacitor ampere-second balance of C;.The
proposed control method maintains constant 7y, time period of
switch S; in Fig. 1. The output voltage regulation is achieved
by changing T4 time period of switch S;. The frequency of
control signals of S} (Us1) and Sy (Use = Usg, ) are determined
by the key control equation (8). The operating waveforms of
dynamic capacitor ampere-second balance of C'y; are shown in
Fig. 3(a).

The operation mechanism of CVFOCC technique for reject-
ing the external disturbance is shown in Fig. 3(b) and (c). In
Fig. 3(b), the input voltage experiences a voltage step-up func-
tion, whereas the load current I, (t) = W“‘H/"Q”“QEKZ”(t)FV”
and reference voltage are kept constant. At the mo-
ment of input voltage stepping-up, the charging current
TIonip(t) = R‘i“l‘%ﬂ will increase immediately. Since Ty, of
switch 57 is maintained constant, the charge of capacitor C1;
will increase correspondingly. Based on dynamic capacitor
ampere-second balance principle (Qcharge = —Qdischarge)> the
“turn-off” time will increase, leading to a lower switching fre-
quency compared with previous state. While, if the input voltage
experiences a step-down function, 7. will decrease. The cor-
responding switching frequency will become higher than pre-
vious state.

In Fig. 3(c), a step-up disturbance is introduced at the load
current, whereas the input voltage and reference voltage are
maintained constant. As a result, the delivered charge Q)charge Of
(' at charging state is kept constant. Similar to the rejection
to the input voltage disturbance, based on the dynamic capac-
itor ampere-second balance principle (Qcharge = —discharge)»
T, will be shortened. Therefore, the corresponding switch-
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ing frequency is increased to maintain the output voltage.
Similarly, if the load current steps down, 7T will increase and
the related switching frequency will become lower than pre-
vious state.
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TABLE I
COMPARISON OF DIFFERENT CONTROL METHODS FOR SWITCHED-CAPACITOR CONVERTER

Description Open-loop Control PI Control VSC method [9] CVFOCC
Control Type Linear Linear Nonlinear Nonlinear
Control Method / Constant Frequency Constant Frequency Variable Frequency
Topology Simple Simple Complex Simple
Response Time / Several switching cycles  Several switching cycles Immediately
Operation Range Large Narrow Middle Large
Operation Condition No limited Limited Limited No Limited
Regulation Poor Normal Good Good
SC Converters Low and high power Low and high power Low power Low and high power
Reset\ Integrator D Flip-Flop
Signal rU1—W1— - @ | — —|
Tchib=a, (Vin‘Vc]h (t) ) = — I .
[— — === | '|_’I — | Rs Clock | I'™STql IQD R Q2Fll—nnn
R1 i |
s> L e [ e
I * I I I + Com T I
-
I_ _Vew_ 1 - c . - Monostable
omparator Multivibrator

IO:(lz (Vref*Vo)

Fig. 4. CVFOCC controller for 3X TBSC converter.

B. Comparison With Other Control Methods

The CVFOCC method is based on the dynamic capacitor
ampere-second balance transient calculation modeling method
and OCC technique. The dynamical states of a SC converter are
instantaneously reflected by the key control equation. Thanks
to the resettable integrator and the D flip-flop, which clears the
memory states of CVFOCC controller in each switching cycle.
Whenever the external disturbance occurs in the input voltage
or in the load current, it can be immediately rejected by ad-
justing the switching frequency during single switching cycle.
There is no steady-state error or dynamic error between the
average integration value (the charge of flying capacitor) and
the negative discharge of flying capacitor. In comparison, the
PI control method and the VSC method in [12] used for SC
converters adopt the same structure as the conventional PWM
voltage-mode controller, but an additional current sensor for
construction of control signal and two sets of auxiliary circuits
for generation of the ramp signals are used in VSC circuit [12].
The historical states in both control methods need to be con-
sidered and compared with the new control signal to adjust the
duty cycle to handle external disturbance [38]. As a result, their
dynamic response time is longer than the CVFOCC method.
The detailed comparison with other control methods is shown
in Table 1. On the other hand, the proposed control method is
a general control method, which is suitable for the low and
high-power SC converters.

C. CVFOCC Controller for 3X TBSC Converter

The CVFOCC controller for 3X TBSC converter is shown in
Fig. 4 based on (8). It is comprised of a resettable integrator, a
comparator, a D flip-flop, a monostable multivibrator, a power
source system [including positive dc voltage converter (+5 V)
and negative voltage inverter (-5 V)], and some other passive
components. The monostable multivibrator acts as the generator
of PWM control signals U, and U, (Uyy ) for switches S7 and
Sy as shown in Fig. 1. The concept of CVFOCC technique is
originated from [27], where four forms of OCC method were
proposed. However, the modeling method, implementation cir-
cuit, and feedback parameters for 3X TBSC converter are quite
different.

As shown in Fig. 4, at the beginning of each switching
cycle, the clock signal state sets the D flip-flop high state
(Q1 = 1,Q1 = 0). The monostable multivibrator will generate
a constant pulse width square signal U1 (Q2 = Uy, =1,Q2 =
Uss = Uy 1 = 0) (constant T, time period) when the falling
edge of QQp signal of D flip-flop arrives. The constant pulse
width square signal will turn ON switch S; in Fig. 1. While,
the control signal Uy, will turn OFF the reset switch W, of
resettable integrator in Fig. 4. The switch Sy in Fig. 1 will
be simultaneously turned OFF by the control signal Ugy. The
charging current of C4j, (I.;1,(t)) is integrated by the reset-
table integrator for constant 7y, time period. When Ty, is over,
the monostable multivibrator is reset low state (Q2 = Uz = 0,
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Q2 =Ugy = Uy, = 1). At this time point, the reset switch
W) is turned ON and the resettable integrator in Fig. 4 is reset
to zero. The switch Sy in Fig. 1 will be concurrently turned ON
by the control signal Uss. For Ty time period, when the neg-
ative discharge of C',(—Quischarge) reaches the charge amount
of C1p(Qcharge)> the comparator in Fig. 4 will change its state
from high to low. When the next clock signal arrives, the D
flip-flop will be set to high state (Q1 = 1, Q1 = 0) again. When
trailing edge of (Qp signal of D flip-flop arrives, the monostable
multivibrator will then generate a constant pulse width square
signal Uy (Q2 = U, =1,Q2 = Ugy = Uyy; = 0) (constant
T, time period) for the new switching cycle. External distur-
bance can be rejected by adjusting the length of i time period.
The operation waveforms for this configuration can be seen in
Fig. 5.

As shown in Fig. 5, when the falling edge of (Qp signal
of D flip-flop arrives, a constant pulse width square signal
U (Usy = 1,Uw = Ugs = 0) (constant T, time period) for
switch S in Fig. 1 is generated by the monostable mulitivibrator.
The charging current of C1j, (Ich15(t)) will be integrated by the
resettable integrator for 7, time period. At the end of Ty time
period, when the negative discharge of C'y, (—Qischarge) reaches
the charge of C1p(Qcharee) the state of output signal of compara-
tor (Comp) in Fig. 4 changes from high to low. When the next
falling edge of () p signal of D flip-flop reaches, a new constant
pulse width square signal Uy (Us; = 1, Uy 1 = Ugy = 0) (con-
stant 75, time period) for switch .S; will be generated by monos-
table multivibrator. The resettable integrator will be turned on
again for the new switching cycle. As a result, the PWM control
signal Uy for switch Sy in Fig. 1 will have constant “on time.”
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TABLE II
EXPERIMENTAL COMPONENTS PARAMETERS

Component Type Value
S1(FQA40N25) N-channel 40 A, 250V,

Rps(on) = 70 mQ2
S2 (IRFB4332PbF) N-channel 60 A, 250V,

Rps(on) = 29 mQ2
Ir = 30 A,VRrm = 200 V
tw = 221nS,Rg = 10 m
450 V,100 100 pF

Dia ~ D2p(STTH2002C) High efficiency
ultrafast diode

Cra ~ Cop Film capacitor

Fig. 6. Annotated photograph of experimental prototype of CVFOCC control
board, with an U.S. Quarter added for perspective.

On the other hand, the control PWM signal Uss for switch Sy
in Fig. 1 will have the constant “off time.”

The constant “on time” of switch S is determined by the
monostable multibrivator. If the “on time” T, of switch S;
is set less than the time constant 7 of charge loop of Chy,
the regulation of 3X TBSC converter can be controlled by
only adjusting 7o time period of switch S;. As a result,
the 3X TBSC converter can work in a wide operation range
robustly.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Based on the 3X TBSC converter, the operation performance
of CVFOCC method was tested. A 1 KW 3X TBSC converter
was designed to operate with the input voltage range 100-120 V.
The output voltage is regulated to be 295V and the constant “on
time” T, is designed to be 5 us.The frequency of clock signal for
D flip-flop is 100 KHz, and the duty cycle is 0.2. The simulation
and experiment parameters of 3X TBSC converter are shown in
Table II. An experimental CVFOCC controller prototype was
developed as shown in Fig. 6 (based on the controller model in
Fig. 4).

A. Comparison With Other Control Methods

Fig. 7 shows the simulation waveforms of output voltage V,,
and load current I, of 3X TBSC converter. Fig. 7(a) and (b)
represents the results of proposed CVFOCC method, whereas
Fig. 7(c) and (d) shows the PI control method results (band-
width and switching frequency are 1 KHz and 100 KHz, respec-
tively), and Fig. 7(e) and (f) gives the open-loop control method
for side by side comparison. The converter operates at input
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Fig. 7.

Comparison of three different control methods with the load resistance of 3X TBSC converter alternating between 295.00 and 98.33 (2, at input voltage

100 V. (a) Load changes from 295.00 to 98.33 © with CVFOCC control method; (b) Load changes from 98.33 to 295.00 Q2 with CVFOCC control method;
(c) Load changes from 295.00 to 98.33 €2 with PI control method; (d) Load changes from 98.33 to 295.00 €2 with PI control method; (e) Load changes from 295.00
to 98.33 2 with the open-loop control method; (f) Load changes from 98.33 to 295.00 2 with the open-loop control method.

voltage of 100 V with load resistance stepping between 295.00
and 98.33 2 (power level alternates between 295 and 885 W).
With the open-loop control method, the output voltage of 3X
TBSC converter is not maintained after the transient point. It
experiences 16 V voltage drop and 16 V voltage increase as
shown in Fig. 7(e) and (f), respectively. By employing PI control
method, as shown in Fig. 7(c) and (d), the response time to reject
the load current step-up disturbance and load current step-down
disturbance are 6.0 and 4.0 ms, respectively. Compared to the
aforementioned two control methods, with CVFOCC method, as
shown in Fig. 7(a) and (b), the disturbance in load current is im-
mediately rejected with nearly unnoticeable impact at transient
time point. Therefore, the advantage of CVFOCC technique for
dynamical performance is demonstrated.

B. Dynamic External Disturbance Rejection

The dynamical performance of 3X TBSC in handling load
disturbance was—investigated by simulation and experiment
by using—the proposed control method and open-loop con-
trol method. As shown in Fig. 8(a)—(d), with proposed control
method, the load step-up and step-down disturbances (power

level alternating between 590 and 885 W) are immediately re-
jected with small voltage overshoot. Moreover, it can be ob-
served that the experimental results [see Fig. 8(c) and (d)] agree
well with the simulated results [see Fig. 8(a) and (b)]. On the
other hand, the waveforms of load disturbance rejection for 3X
TBSC converter with open-loop control are shown in Fig. 8(e)
and (f). As shown in Fig. 8(e), the setting time for 3X TBSC con-
verter to deal with load current step-up disturbance is about 4 ms.
For load current step-down disturbance as shown in Fig. 8(f),
the setting time is about 6 ms. Note that, the output voltage
fluctuation is about 20 V at the transient time point.

The operation waveforms of output voltage (V;), control sig-
nals for switches S; and Sy (Us; and Uss), and input current
(Zin) of 3X TBSC converter are presented in Fig. 9 with CV-
FOCC method. Two power levels of 3X TBSC converter are,
respectively, tested as shown in Fig. 9(a) (Vi, =120 V,I, =2 A)
and Fig. 9(b) (Vi, = 100 V, I, = 3 A). Note that the switching
frequency of Fig. 9(b) is higher than Fig. 9 (a), which is due to
higher load and smaller input voltage conditions. It can be seen
from Fig. 9, the output voltage can be rigorously maintained
with different input voltages and load current by only adjusting
the switching frequency.
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Fig.8. Operation waveforms of output voltage and load current at input voltage 100 V and 120 V with load resistance alternating between 98.33 €2 and 147.50 2,
(a) and (c) load current step-up disturbance with proposed control method at input voltage 100 V; (b) and (d) Load current step-down disturbance with the proposed
control method at input voltage 120 V; (e) Load step-up disturbance with the open-loop control method at input voltage 100 V; (f) Load step-down disturbance
with the open-loop control method at input voltage 120 V.
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Fig. 9. Operation waveforms of output voltage V,,, control signals Uy and Uso for swiches S and S9, and input current [, (a) input voltage 120 V and load
current 2 A, (b) input voltage 100 V and load current 3 A.

As a result, the fast dynamical response speed of proposed C. Steady-State Performance
control method to reject external disturbance in power source
and load current of high-power 3X TBSC converter is solid
verified.

To verify the regulation capacity of 3X TBSC converter with
the proposed control method, the output voltage, input current
versus variable load currents operating at input voltage of 100 V
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TABLE III
EXPERIMENTAL AND SIMULATION MEASURED RESULTS

Load (©2)  Tout(A) (exp) Iout(A) (sim)  Vin(V) Iin(A) (exp) Iin(A) (sim)  Vo(V) (exp)  Error(%) (exp)  Vo(V) (sim)  Error (%) (sim)
640.000 0.460 0.460 100 1.390 1.381 294.50 0.160% 294.260 0.250%
320.000 0.913 0.920 100 2.740 2.764 294.00 0.339% 294.240 0.258%
213.333 1.361 1.379 100 4.050 4.145 292.10 0.644% 294.230 0.339%
164.000 1.790 1.786 100 5.350 5.358 293.7 0.441% 294.20 0.271%
132.000 2.201 2.230 100 6.568 6.695 293.1 0.645% 293.950 0.356%
98.333 2.952 2.984 100 8.951 9.013 292.785 0.751% 293.435 0.531%
Simulation and Experiment Efficiencies Moreover, the proposed CVFOCC method is a general control
99.00% method which can be extended for applications of other high-
98.50% power SC converters.
5 98.00%
5 97.50%
8 APPENDIX
£ 97.00%
96.50% In one switching cycle, the maximum and minimum voltages
) —@— Sim . .
96.00% of Cy, are given as follows:
—@&— Experiment
95.50% V. T V.T
135410  268.435 397.548 525974 644.622 864346 V. -V — 0°s 4 oS (11)
clamax in T ot R C
Pout(W) (1 — eRaC )RLC’ L
Fig. 10. Plots of efficiency measured by simulation and experiment for V. T
CVFOCC trolled 3X TBSC ter. R /A o”$
controlle converter. Vetamin = Vin - . (12)
(1 — et )RLC

were measured. Table IIT shows the data that is obtained from
experiment and simulation. As shown in Table III, the largest
output voltage errors (compared to the reference voltage 295 V)
in experiment and simulation are 0.751% and 0.531%, respec-
tively. Therefore, the good line and load regulation capability of
proposed control method is confirmed.

D. Efficiency

The efficiency of 3X TBSC converter under various switch-
ing frequency and power levels was also tested at input voltage
of 100 V. The input current and load current were measured
using the high accuracy Tektronix Current Probe (TCP A300)
and Tektronix Oscilloscope (DPO 3014 Digital Phosphor Os-
cilloscope). On the other hand, input voltage and output voltage
were tested by high-accuracy digital multimeter. The measured
efficiency curves are shown in Fig. 10. The peak efficiencies in
simulation and experiment are 0.9847 and 0.9831, respectively,
at load power 525 W.

V. CONCLUSION AND DISCUSSIONS

This paper presents a CVFOCC method for regulation pur-
pose of high-power TBSC converter. It is based on dynamic
capacitor ampere-second balance transient calculation model-
ing method and OCC technique. This control method is robust
since the external disturbance can be immediately rejected by
adjusting the effective switching frequency while keeping the
“on time” constant. Simulation and experimental results show
that CVFOCC method has significantly improved the dynamic
response speed of high-power SC converter compared to other
linear constant frequency control methods. The control loop
is straightforward yet provides good line and load regulation.

State 1 in Fig. 2(a) is the only charging period for Cy,. In
this period, the voltage across Cs, rises from minimum value
Veoamin to maximum value V,o,max. Based on KVL, the follow-
ing equation could be derived as:

dV;:la (t)

— Ve1a (£) = 0.
20 v =0

V;z?a(f,) — R4 C (13)

Considering Kirchhoff’s Current Law (KCL) and topology of
3X TBSC converter, the following equation can be derived:

AVera (8) | dVera (1)) _ _
C( i @ )T

(14)

Solving (13) and (14) and considering (11) and (12), the
maximum and minimum voltages of C5, can be, respectively,
written as

Vo T Vo T
V;?amax = Vvin - Tt + R.C
(1 — eRaC )R C L
B %Rdis V;) (QToff+ Ton) + V;)Toff (15)
2RL RLC (1 _ 6}2(]?;‘(’5‘) RLC
V, T, V., T,
V::Qamin = V;n - jvoffh RO C
(1-em R0 T
N V:)Rdis ‘fg (2Toff + Ton) (16)

2R;, R.pC (1_6;?2:29)
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Similar to the analysis for Cy,, the maximum and minimum
voltages of Cy;, can be derived as
V T
Vezbmax = Vin — —Ton
1 —efaC ) R C RLC

V Rdls 2,Ton + Tnff) ‘/()Ton
— 17
2RL RL 2105) + RLC ( )
V T,
Vspmin = Vin — &
2bmin in (1 B eﬁfh‘? )RLO R;C
- VoRais Vo | (2Ton + Torr) (18)

2R, R.C (1 _ e:;‘?)

Due to the symmetrical configuration of 3X TBSC converter,
the output voltage can be approximately derived as following
equation:

(ch?amax + ‘/CQamin + ch?bmax + ch?bmin)
2
Substituting (15), (16), (17), and (18) into (19), the voltage
gain could be derived as (10).
The similar detailed derivation process for 3X TBSC con-
verter could be found in [24] and [26].

Vo = + Vi (19)
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