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Abstract—A bidirectional discontinuous-conduction-
mode constant on-time variable-frequency control strategy
for a three-phase interleaved dc–dc converter suitable
for traction applications is proposed in this article. The
strategy enhances the converter efficiency at low-power
conditions, providing fairly constant efficiency over the
entire power range, by synchronously controlling both
the bottom and top switches of the three boost phases.
Simulation and experimental results demonstrate the
validity and effectiveness of the proposed approach on a
10-kW bidirectional interleaved boost converter.

Index Terms—Bidirectional discontinuous conduction
mode (DCM) operation, enhanced efficiency, interleaved
boost converters, variable-frequency control.

I. INTRODUCTION

BATTERY-POWERED systems such as electric vehicles
(EVs) or energy storages for distributed renewable energy

sources are essential in the quest to reduce greenhouse gas
emissions on earth [1]. In general, the architecture of these
systems is composed of a dc–dc converter for conditioning the
voltage level of the battery bank to a higher level required
for an inverter stage. This architecture provides advantages
regarding the possibility of independent design of the different
subsystems, in comparison with systems in which the battery
is directly connected to the inverter [2], [3]. Typical EV city
driving schedules demand low-power levels from the batteries,
most of the time operating at power levels of less than 40%
of the nominal rating [4], which makes imperative that the
dc–dc converter provides high efficiency at low-power levels
to enhance the system performance. Also, bidirectional oper-
ation of the dc–dc converter is mandatory for battery power
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regeneration [5]. The nonisolated half-bridge-based topology
(single phase or multiple phase) [6]–[9] is widely used for EVs
applications, because of high efficiency, simplicity and reduced
number of components in relation with power capability, in
comparison with other solutions [4], [5], [10]. Bidirectional
dc–dc converters, typically implemented with traditional syn-
chronous complementary continuous-conduction-mode (CCM)
pulsewidth-modulation strategies with constant switching fre-
quencies [4]–[6], [11], experience reduced efficiency at low-
power levels, because of conduction losses produced by high-
frequency currents circulating among the reactive components as
well as hard switching losses and diode reverse recovery losses.
Alternatively, discontinuous conduction mode (DCM) allows
zero-current on-time operation of both bottom and top switch-
ing devices, and eliminates diode reverse recovery losses [6].
DCM variable-frequency control techniques allow for the min-
imization of losses at low-power levels, because the switching
frequency and its associated losses are reduced proportionally
to the load [12], [13]; no switching is required and no losses are
produced in the limit condition of zero load. Variable-frequency
control techniques have been widely used in the literature.
Among these techniques, constant on-time modulation reports
high conversion efficiency under light load conditions [12]–
[17]. In [18] and [19], bifrequency high- and low-frequency
pulses are used for EMI reduction. Variable-frequency full-range
boundary DCM–CCM [20]–[22] and constant off-time control
techniques [23] require an increment of the frequency at light
load, which increments the frequency associated losses at low
power levels. Variable-frequency constant on-time techniques
have been usually limited to low-power applications [12]–[15],
as switching devices are required to operate with large current
peaks that can increase conduction losses. However, in recent
years, wide bandgap materials (particularly SiC) are provid-
ing MOSFET devices with large current peak capabilities and
very low drain-to-source on-resistance, opening the possibility
to implement DCM variable-frequency control techniques for
high-power applications [24]–[26]. Converters with interleaved
operation over the entire power range are usually used to further
address the reduction of high-frequency ripple in the current
supplied by the battery [6], [8], [27]. However, different studies
based on empirical evidence show that no accelerated degrada-
tion of batteries occurs at high frequencies, and ripple reduction
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Fig. 1. Bidirectional three-phase interleaved boost dc–dc converter.

is not needed to be addressed carefully [28], [29], giving the
possibility to optimize the converters in terms of cost and effi-
ciency. If necessary, this ripple is normally mitigated by using a
capacitor in parallel with the battery bank without compromising
efficiency. Additional advantages of DCM operation arises in
size reduction of inductors, thus increasing the power density
of the overall converter [30], and not having adverse issues
associated with inductor current balancing [31].

The goal of this work is to increase the low-power level
efficiency of an SiC-based bidirectional three-phase interleaved
dc–dc converter suitable for EV applications, through a full
DCM variable-frequency control strategy over the full power
range. The strategy consists of DCM operation at constant on-
time (fixed inductor current peak) while the converter switching
frequency is varied according to the operating power require-
ments. The approach combines the advantages of interleaved op-
eration at medium- and high- power levels, with the advantages
of losses reduction by frequency control at low-power levels.
Additionally, the proposal provides a mechanism that naturally
changes from boost to buck operation allowing bidirectional
power flow. Both bottom and top switches of the three phases
of the converter are synchronously controlled providing high
efficiency over the entire range of operation. A linearized model
of the plant suitable for the design of the gains of the controller
is provided, together with a complete model of the converter
losses that analytically demonstrates that the proposed frequency
control allows obtaining fairly constant efficiency through the
entire range of operation.

Simulation and experimental results demonstrate the validity
and effectiveness of the proposed ideas. A theoretical analy-
sis compared the proposal with three different ones, constant
frequency DCM, constant off-time DCM, and boundary DCM–
CCM. The experimental validation is implemented on a 10-kW
three-phase interleaved boost converter prototype.

II. SYSTEM DESCRIPTION

This section briefly describes the converter topology and its
functionality. Fig. 1 shows the circuit of a bidirectional three-
phase interleaved boost dc–dc converter. The dc input voltage
vi from a battery bank, supplies the total input current ii to the
identical inductorsL1 = L2 = L3 = LB (LB : boost inductance
value), corresponding to the three boost phases composed of

Fig. 2. Block diagram of the control strategy implementation and il-
lustration of the control signals for boost-mode operation (S = 0), and
buck-mode operation (S = 1).

the bottom switches Gb1 , Gb2 , and Gb3 , and top switches Gt1 ,
Gt2 , and Gt3 , respectively. The three phases of the converter are
connected to the output capacitor Co that filters the converter
output voltage vo applied to a load represented by the current io.
The converter operates with vo > vi in boost mode (transferring
power from the input to the output) and buck mode (transferring
power from the output to the input). In boost mode, the bottom
switch Gbi (i = 1, 2, 3) is turned ON first during a time tb in
which the inductor Li is charged, then when Gbi is turned OFF,
the inductor discharges its energy to the load during a time
tt in which the top switch Gti is turned ON for synchronous
operation. In buck mode, the switch Gti is turned ON first
during a time tt in which the inductor is charged, then when
Gti is turned OFF, the inductor discharges its energy to the
input during a time tb in which the bottom switch Gbi is turned
ON for synchronous operation. Details of the control algorithm
are presented in Section III. The RC snubbers are composed
of capacitors C1 = C2 = C3 = Cs (Cs: snubber capacitance
value) and resistors R1 = R2 = R3 = Rs (Rs: snubber resis-
tance value), which are needed to damp the DCM inherent
resonance produced between the boosting inductors and the
parasitic capacitance of the switching devices [32], [33].

III. DCM CONTROL STRATEGY

This section describes the bidirectional DCM variable-
frequency control strategy, and provides a linearized model of
the plant suitable to design the gains of the controller. The three
boost phases in Fig. 1 are designed to operate under DCM for
the entire range of operation. Fig. 2 illustrates the block diagram
implementing the proposed variable-frequency DCM control
strategy. The three phases operate with switching frequency fsw

(switching period Tsw = 1/fsw), and switching signals delayed
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by Tsw/3 from each other. For given values of vi and vo, the
converter is controlled by varying fsw, whereas the peak value
ÎL of the currents through the inductors (iL1

, iL2
, and iL3

) is
kept constant by not changing the on-times of the switches. The
error between the measured vo and the output voltage reference
value vor is applied to a proportional–integral (PI) controller.
The absolute value |u| of the PI controller output u generates
the magnitude of the switching frequency fsw. Three equally
delayed saw-tooth carriers, T1, T2, and T3, of frequency fsw,
are generated by using the integrators shown in Fig. 2. In the
practical implementation of the converter, these carriers are
generated by using the peripheral PWMs of a digital signal
processor (DSP). Note that if vor > vo, the signal u is positive
and the signal S is zero, corresponding to the condition in which
the system delivers power to the output under the boost mode.
However, if vor < vo, the signal u is negative and the signal S
is 1, which is the alternate condition when the system transfers
power from the output to the input under the buck mode. The
control signals for both cases S = 0 and S = 1 are illustrated in
Fig. 2. The on-time tb of the bottom switches and the on-time tt
of the top switches are generated as follows:

tb = LB
ÎL
vi

, and tt = LB
ÎL

(vor − vi)
. (1)

Considering an ideal system without losses under steady-state
conditions, the output voltage can be represented as

vo =
3

2
LB Î

2
L

fsw

io
+ vi (2)

meaning that for given values of vi and ÎL, to control the voltage
vo to a specified reference value vor, when a load change in
io occurs, fsw should be modified proportionally to the load
change. To ensure DCM through the entire operating range of
the converter, LB must be

LB ≤ LBM =
3V 2

im
(VoM − Vim)

2VoMPoMfswM

(3)

where PoM is the converter maximum output power, VoM is the
maximum output voltage, Vim is the minimum input voltage,
and fswM is the maximum switching frequency. It is desired to
selectLB close toLBM to maximize the overlapping range of the
currents of the three inductors. To operate with the same range
of frequency variation for full power range, independently of the
value of vi and the desired output voltage vor, and with reference
to Fig. 2, the inductor current peak is calculated as

ÎLM = h

√
1− vi

vor
(4)

where h =
√
2PoM/(3fswMLB). Note that in Fig. 2, there are

two saturation blocks. The block “Sat.” limits the minimum
operating switching frequency to fswm , which is set arbitrarily
depending on the application. For example, it can be desired
to set fswm beyond the audible noise or beyond the minimum
frequency that the digital processor can handle. The block
“Dynamic sat.” limits the current peak value between zero
and the dynamic maximum value ÎLM calculated by (4). Note
that when |u| < fswm , the system operates at a fixed switching

Fig. 3. Linearized plant and control block diagram representation.

frequency fswm regulating the current peak to a value between
0 ≤ ÎL ≤ ÎLM . The system is normalized in order to reach ÎLM

when |u| = fswm . When |u| > fswm the system operates with
ÎL = ÎLM , regulating fsw.

A. Plant Model

The gains of the PI controller are determined by modeling the
behavior of the output voltage vo as a function of the control
action fsw and any disturbances (e.g., variations of io and vi).
The averaged dynamic of vo can be modeled by [34]

dv̄o
dt

=
3Î2LLB

2Co

f̄sw

(v̄o − v̄i)
− īo

Co
= g(v̄o, f̄sw, v̄i, īo) (5)

where v̄o, f̄sw, v̄i, and īo represents the averaged values of the re-
spective variables during a switching interval. To obtain a linear
model of the plant at an operating point Ao = {v̄o = Vo, v̄i =
Vi, f̄sw = Fsw, īo = Io}, the nonlinear model (5) is linearized
using

d˜̄vo
dt

=

[
∂g

∂v̄o
|Ao

]
˜̄vo+

[
∂g

∂f̄sw
|Ao

]
˜̄fsw+

[
∂g

∂v̄i
|Ao

]
˜̄vi+

[
∂g

∂īo
|Ao

]̃̄
io.

(6)
Applying (6) and the Laplace transformation, the linear model

of the plant results

˜̄Vo(s) =
af

(s+ av)
˜̄Fsw(s) +

av
(s+ av)

˜̄Vi(s) +
ai

(s+ av)
˜̄Io(s)

(7)
where af = 3Î2LLB/[2Co(Vo − Vi)], av = afFsw/(Vo − Vi),
and ai = −1/Co. The linearized model of the plant in (7) can
be represented by the gray block in Fig. 3. The transfer function
of the PI controlled closed-loop system shown in Fig. 3 is

˜̄Vo(s)
˜̄Vor(s)

=
afkp(s+ ki/kp)

s2 + (av + afkp)s+ kiaf
(8)

where kp and ki are the controller proportional and integral
gains, respectively. These gains can be designed to obtain a
desired behavior of the closed-loop second order system (8),
with damping factor ξ = (av + afkp)/(2

√
kiaf ) and natural

resonance frequency ωn =
√

kiaf .

IV. CONVERTER LOSSES AND EFFICIENCY MODELING

In this section, the modeling of the main losses of the converter
is presented to demonstrate that the DCM constant on-time
variable-frequency control strategy allows us to obtain a fairly
constant efficiency over the entire range of operation, highlight-
ing the ability to provide higher efficiency at low-power levels.
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A. Inductor Losses

By solving the Improved Generalized Steinmetz Equa-
tion [35], the total core losses Pfe in the three inductors of the
converter can be calculated as

Pfe = 3VfekiB̂
β
[
t
(1−α)
b + t

(1−α)
t

]
fsw = Wfefsw

with

ki =
Kc

2(β−1)π(α−1)
(
1.1044 + 6.8244

α+1.354

) , (9)

where α, β, and Kc are the Steinmetz coefficients of the
material used for the cores; Vfe is the volume of the cores;
B̂ = LB ÎL/(NtAC) is the peak flux density within the cores
with cross-sectional area Ac, being Nt the number of turns of
the windings of the inductors, and Wfe = 3VfekiB̂

β [t
(1−α)
b +

t
(1−α)
t ].

The rms current circulating through the windings of the
inductors can be calculated by ILrms = ÎL

√
(tb + tt)fsw/3. By

using this value, the copper losses Pcu of the three inductors can
be represented as

Pcu = RcuÎ
2
L(tb + tt)fsw = Wcufsw (10)

whereRcu is the resistance of the inductors that can be measured
at fswM , and Wcu = RcuÎ

2
L(tb + tt).

B. Switching Devices Losses

The total conduction lossesPcd of both bottom and top switch-
ing devices can be calculated as

Pcd = RonÎ
2
L(tb + tt)fsw = Wcdfsw (11)

where Ron is the switch on-resistance, and Wcd = RonÎ
2
L(tb +

tt). The total switching losses can be calculated as follows:

Psw = 3

(
Eoff +

1

2
CdsV

2
i

)
fsw = Wswfsw (12)

where Eoff corresponds to the energy dissipated during the turn-
OFF instant of the bottom switch device, a value obtained from
the datasheet and a function of ÎL and Vo. The term CdsV

2
i /2

corresponds to the energy of the bottom switch capacitance
Cds, which is dissipated when the bottom switch is turned ON.
Wcd = 3(Eoff + 1

2CdsV
2
i ).

The free-wheeling diode losses of the top switch can be
approximated as

Pfd = 3VfdÎLtDfsw = Wfdfsw (13)

where tD is the turn-ON dead-time of the top switch, Vfd is the
forward-bias voltage of the free-whiling diodes of the devices,
and Wfd = 3VfdÎLtDfsw.

C. Gate Charge Losses

These losses are related to the charge and discharge of the gate
input capacitance of the MOSFETs (Ciss in data-sheets) during
the switching process [36]. It can be estimated as

Pgc = 6CissΔV 2
GSfsw = Wgcfsw (14)

where ΔVGS is the variation of the gate-to-source voltage of the
MOSFETs between the turn-ON and the turn-OFF transitions,
and Wgc = 6CissΔV 2

GS. In typical applications, these losses are
negligible compared with the main loss mechanisms of the
converter.

By combining (11)–(13), the total losses in the switching
devices can be represented as

PM = Pcd + Psw + Pfd+Pgc = WMfsw (15)

where WM = Wcd +Wsw +Wfd.

D. Snubber Losses

The total losses in the snubbers can be approximated as [32]

Psn = 3CsnV
2
o fsw = Wsnfsw (16)

where Wsn = 3CsnV
2
o .

E. Output Capacitor Losses

The total rms current circulating through the output capacitor
can be approximated by the combined effect of the currents of
the three top switches of the converter. This is a conservative
approximation because the capacitor rms current at high power
is reduced due to overlapping and output dc current. With this
consideration, the losses PCo

in Co, can be approximated by

PCo
≈ RCo

Î2Lttfsw = WCo
fsw (17)

where RCo
is the equivalent series resistance of the output

capacitor, and WCo
= RCo

Î2Ltt.

F. Total Losses and Efficiency

The mean value of the converter input power can be expressed
as

Pi =
3

2
ViÎL(tb + tt)fsw = WPi

fsw (18)

where it is defined WPi
= 3

2ViÎL(tb + tt). By using (9)–(18),
the efficiency of the converter can be expressed as

η = 1− Wfe +Wcu +WM +Wsn +WCo

WPi

. (19)

For given values of the input and output voltages, Wfe,
Wcu WM , Wsn, WCo

, and WPi
are constants independent of

the switching frequency and load current, meaning that the
addressed DCM constant on-time variable-frequency control
method provides constant efficiency (19) over the entire power
range.

V. SIMULATION RESULTS

Simulation results of the control strategy described in Sec-
tion III are presented in this section. Also, theoretical losses
analysis by using the losses modeling described in Section IV
is performed. The losses, efficiency, and input current ripple of
the proposed constant turn-ON variable-frequency DCM control
are compared with three different control strategies, constant
frequency DCM, constant off-time DCM, and boundary DCM–
CCM. In order to simulate the proposed strategy in a realistic
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TABLE I
SIMULATION AND EXPERIMENTAL SYSTEM PARAMETERS

a@ Vds = 800 V; Id = 50 A

scenario, the most important characteristics of a bidirectional
three-phase interleaved boost dc–dc converter prototype were
simulated in MATLAB/SIMULINK. The converter, of nominal
power Pon , nominal input voltage Vin = 300 V and nominal
output voltage Von = 600 V was implemented with turn-ON

dead-time tD = 0.5 μs. All the parameters used to implement
the simulation are listed in Table I, and are the same of the
experimental prototype addressed in Section VI. By replacing
the corresponding parameters in (3), it results LBM = 107.4 μH
and LB = 100 μH is used for the implementation. The gains kp
and ki of the controller have been calculated to obtain damping
factor ξ = 1/

√
2, and a 5% settling time ts5% = 0.05 s that

can be approximated doing ωn = 3/(tsξ) [37], considering the
worst case scenario for the damping factor of (8), that occurs
when av = 0.

Fig. 4(a) shows the converter losses calculated by using (9)–
(17) with the parameters in Table I, for the case in which the
converter in Fig. 1 is controlled applying the proposed constant
on-time variable-frequency control strategy for vi = Vin and
vo = Von . It can be seen that the variation of all the losses is
proportional to the converter power. Fig. 4(b) shows the same
losses for the case in which the converter is operated under DCM
but with a fixed frequency fsw = fswM and the output voltage
is controlled by varying the on-time of the switches. Fig. 4(c)
shows the same losses for the DCM constant off-time case, and
Fig. 4(d) for the boundary DCM-CCM case. Fig. 4(e) displays
the converter efficiency and Fig. 4(f) the rms value Iirms of the
converter input current ii for the four cases. Table II lists the
equations of fsw and ÎL used to calculate the losses (9)–(17) as
a function of Po, and the values of fsw, η%, Iirms , PM , Pcd, and
Psw evaluated for Po = Pon/10 and Po = Pon.

Note that in Table II, the full range boundary DCM–CCM
condition requires a 10× increase of fsw from Po = Pon to
Po = Pon/10, resulting in a drastic reduction of the converter
efficiency under light load conditions due to the increase of
the frequency associated losses. As can be seen in Fig. 4(d)
and Table II, the constant on-time case provides a considerably
greater efficiency at low-power levels compared with the other
control cases. In fact, the efficiency for the DCM frequency
control case remains fairly constant [according to (19)], until
the switching frequency reaches its minimum value fswm and

Fig. 4. Theoretical analysis for vi = Vin and vo = Von . (a) Constant
on-time DCM losses. (b) Constant frequency DCM losses. (c) Constant
off-time DCM losses. (d) Boundary DCM-CCM losses. (e) Efficiency
comparison. (f) Iirms comparison.
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TABLE II
COMPARISON BETWEEN FOUR DCM CONTROL STRATEGIES (DATA EVALUATED FOR vi = ViN AND vo = VoN)

duty cycle control is implemented at very low-power levels.
As can be seen in Table II, the constant on-time case has
the highest conduction losses Pcd at low power levels, due to
higher rms current in the switching devices. However, this is
overcompensated by a larger reduction of Psw in comparison
with the other control strategies (for which the switching losses
are dominant at low-power levels), resulting in the lowest total
losses in the switching devices for the constant turn-on strategy.
The cost of the high efficiency provided by the constant on-time
variable-frequency strategy, is a higher Iirms at low-power levels
with respect to the other strategies. This is because of the input
current ripple due to a nonoverlapping of the currents through
the inductors at low-frequency operation. However, as the power
increases, the input current ripple is reduced due to overlapping
and the value of Iirms tends to the mean value of ii, which is
the same as the other control techniques. If it is required for
the application (as can be the case of a high series resistance
battery), the input current ripple at low-power levels can be
mitigated without compromising the efficiency placing a low
ESR capacitor in parallel with the voltage source [9].

The waveforms in Fig. 5 correspond to the simulation results
for the cases in which the converter operates atPo = Pon/10 and
Po = Pon. Fig. 5(a1) shows the gate signalsGb1 andGt1 of one of
the boost phases for Po = Pon/10. Fig. 5(b1) shows the gate-to-
source voltages of the bottom switch vgsb1 and top switch vgst1
of one of the boost phases forPo = Pon/10. Fig. 5(c1) shows the
converter input current ii and the currents through the inductors
iL1

, iL2
and iL3

, for Po = Pon/10. The same corresponding
waveforms are shown in Fig. 5(a2)–(c2) for the case Po = Pon.
In Fig. 5(c1) it can be seen that at low-power, nonoverlapping is
observed and the magnitude of the ripple in ii is the same as the
currents through the inductors (with three times the frequency).

Furthermore, Fig. 5(c2) verifies the reduction in the input current
ripple produced by the overlapping of the currents through the
inductors at high-power levels.

Figs. 6 and 7 present simulation results evaluating the ability
of the bidirectional constant on-time variable-frequency control
strategy (see Fig. 2) to regulate the converter output voltage
to Vor = 600 V for vi = 300 V. For the simulation in Fig. 6,
a resistor of 45 Ω is initially connected to the output of the
converter. At the instant t = 0.25 s the load is abruptly changed
to 65 Ω, at the instant t = 1 s the load is changed back to
45 Ω, and at the instant t = 1.25 s an increase of 20 V in the
reference Vor is implemented. Fig. 6(a) compares the response
in the voltage vo for the simulation of the system in Fig. 1
with the simulation results of the linearized model in Fig. 3.
Even when the perturbations applied to the system are not small
signal variations, the behavior of the linearized model closely
matches with the simulation results of the real system. Fig. 6(b)
displays the current ii, Fig. 6(c) the current iL1

, and Fig. 6(d)
the switching frequency fsw. The inductor current peak value
ÎL remains constant while the frequency is changed by the
controller to regulate vo.

A load current io of 1.857 A is initially applied to the output
of the converter to test its bidirectional operation and control
strategy. With reference to Fig. 6, the current load is changed
to −1.857 A at t = 0.5 s (changing the direction of the power
flow), and at t = 1.25 s the current is returned to its initial value.
For this test, Fig. 6(a)–(d) illustrates the same waveforms in
Fig. 5. In Fig. 6(a), a large overvoltage is observed in vo after
the direction of the converter output current changed; then, the
controller immediately reverses the direction of the currents
through the inductors to modify the direction of the power flow
and regulate vo. In Fig. 6(d), during transitions, the switching
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Fig. 5. Simulation results for Po = Pon/10, fsw = 4.16 kHz. (a1) Gb1
and Gt1 ; (b1) vGSb1

and vGSt1
; (c1) ii, iL1

, iL2
, and iL3

. Simulation

results for Po = Pon, fsw = 41.6 kHz: (a2) Gb1 and Gt1 ; (b2) v
GSb1

and

v
GSt1

; (c2) ii, iL1
, iL2

, and iL3
.

frequency fsw reaches its minimum value fswm limited by the
block “Sat.” shown in Fig. 2.

VI. EXPERIMENTAL RESULTS

In this section, experimental results of the control strategy
described in Section III are presented, using a 10-kW interleaved
boost converter. A photo of the experimental setup used for
the implementation is shown in Fig. 8. The controller is imple-
mented by using a DSP TMS320F28379D. The converter proto-
type is built using C2M0025120D SiC MOSFET devices, along
with IXD609 MOSFET drivers with 5-Ω gate resistors, powered
by +20/-5 V isolated power supplies MGJ2D122005SC. The
inductors are built using nanocrystalline cores KMNC-50 and
Litz wire with 315 strands of diameter 0.12 mm. Three 40μF
B32778 G TDK capacitors make up the output capacitance.
Table I contains all the parameters of the experimental system,
which are the same ones used in the simulations presented in
Section V. Similar tests to those presented in Section V are

Fig. 6. Simulation results. (a) vo. (b) ii. (c) iL1
. (d) fsw. Load change

from 45 to 65 Ω at t = 0.25 s. Load change from 65 to 45 Ω at t = 1 s.
Step in Vor from 600 V to 620 V at t = 1.25 s.

Fig. 7. Simulation results. (a) vo. (b) ii. (c) iL1
. (d) fsw. Test of bidirec-

tional operation. Step in io from 1.857 A to −1.857 A at t = 0.5 s, and
from −1.857 A to −1.857 A at t = 1.25 s.

implemented in order to corroborate experimentally the control
strategy.

In Fig. 9, the experimental waveforms v
GSb1

, v
GSt1

, v
DSb1

,
v
DSt1

, vi, vo, ii and iL1
, are similar the simulation results

shown in Fig. 5. The waveforms in Fig. 9(a) correspond to
the case in which the converter operates at Po = Pon/10 with
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Fig. 8. Experimental setup. (a) Inductors. (b) DSP. (c) Heat-sink
mounted MOSFETs. (d) Capacitors. (e) Load resistors.

fsw = 4.16 kHz, and the waveforms in Fig. 9(b) to the case in
which the converter operates at Po = Pon with fsw = 41.6 kHz.
These results verify the reduction in the ripple present in ii
at high-power levels; however, the ripple is not uniform be-
cause of slight differences between the values of the three
inductors.

Fig. 10 shows the experimental waveforms vo, ii, and iL1

when the load changes from 45 to 65 Ω and then back to 45 Ω.
This test was implemented by connecting a 45- Ω resistor in
series with a 20- Ω resistor, the last one with a parallel switch that
gives the possibility of adding or removing it. The variation in the
output voltage is less than the variation observed in Fig. 6 for the
same simulation test. This difference can be due to the parasitic
components of the resistors and the switch, which makes the
resistance variation an imperfect step. However, vo is regulated
to Vor = 600 V after each perturbation with the same dynamics
shown in the simulation results, corroborating experimentally
the validity of the model used to design the gains of the controller.

The experimental setup used to test the bidirectional operation
of the converter is illustrated in Fig. 11(a). Two unidirectional
dc voltage sources are used, one operating at 300 V and another
at 650 V. The diodes D1 and D2 are used to protect the sources
from negative current flows. Initially the switch “sw” is open and
the 300- V input source is supplying 1.8 kW to the 50- Ω resistor
and 1.028 kW to the 350- Ω resistor connected to the output of
the converter that regulates vo to Vor = 600 V. When “sw” is
closed, the 650 V source delivers 2.166 kW through the 15 Ω
resistor, supplying 1.028 kW to the 350 Ω and the remaining
power to the 50 Ω at the input of the converter. A capacitor
Ca = 1.2 mF was used at the input to absorb the negative current
ripple and keep vi constant as in a battery application. Fig. 11(b)
shows the experimental waveforms vo, ii, and iL1

for the instants

Fig. 9. Experimental results. (a) v
GSb1

, v
GSt1

, v
DSb1

, v
DSt1

, vi, vo,

ii and iL1
for Po = Pon/10, fsw = 4.16 kHz. (b) v

GSb1
, v

GSt1
, v

DSb1
,

v
DSt1

, vi, vo, ii and iL1
for Po = Pon, fsw = 41.6 kHz. Time scale:

22 µs/div; Vertical scales: 5 V/div, 100 V/div, 100 V/div, 5 A/div.

Fig. 10. Experimental results. vo, ii and iL1
for a load change from

45 Ω to 65 Ω and from 65 Ω to 45 Ω. Time scale: 300 ms/div; Vertical
scales: 10 V/div, 5 A/div, 5 A/div.

in which “sw” is closed and opened again. After “sw” closes, the
input voltage first increases to 650 V but it is then regulated by
the boost converter to Vor = 600 V operating now with negative
current flow. When “sw” is opened, a similar response to the
one in Fig. 7 is observed. The results shown in Fig. 11(b)
corroborate experimentally the ability of the proposed DCM
control strategy to regulate the output voltage for bidirectional
power flow operation.

Fig. 12 shows the experimental efficiency measured for
the variable-frequency constant on-time control case and the
comparison with the constant frequency case. In particular, a
considerable amount of points were taken for Po/Pon < 30%,
corroborating experimentally that the DCM constant on-time
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Fig. 11. Experimental results. (a) Experimental setup used to imple-
ment the bidirectional power flow test. (b) vo, ii and iL1

for a change
in io from 1.7 A to −1.63 A and from −1.63 A to 1.7 A. Time scale:
300 ms/div; Vertical scales: 25 V/div, 10 A/div, 10 A/div.

Fig. 12. Experimental efficiency. Comparison between variable-
frequency constant on-time DCM and constant frequency DCM.

variable-frequency control strategy provides a considerable im-
provement in the efficiency at low-power levels, and a prac-
tically constant efficiency η% >= 98% over the entire range
of variable-frequency operation. It is worth mentioning that
general purpose inductors were used for the implementation,
even greater values of efficiency can be obtained through the
design optimization of the inductors.

VII. CONCLUSION

A full power range DCM constant on-time variable-frequency
control strategy for a bidirectional three-phase interleaved dc–dc
converter suitable for EVs applications was presented in this
article. A theoretical comparison against three different con-
trol strategies (fixed-frequency, constant off-time, and boundary
DCM–CCM condition) demonstrated that the proposal provides
a significant increment of the converter efficiency at low-power
levels, and provided fairly constant efficiency over the entire
range of operation. The penalty for higher efficiency was a higher
rms input current at low-power levels in comparison with the
other strategies, caused by the ripple due to the nonoverlapping

of the currents through the inductors at low-frequency operation.
When required by the application (as can be the case of a
battery with a high series resistance), the input current ripple
at low-power levels can be mitigated without compromising the
efficiency by placing a low equivalent series resistance (ESR)
capacitor in parallel with the voltage source. The performance
of the controller was successfully evaluated through dynamic
and bidirectional operation experimental tests. A fairly constant
efficiency η% � 98% was experimentally measured over the
entire range of the converter operation.
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