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Abstract:
An innovative Synchronous Buck Converter (SBC) with a wide input voltage range is presented in
this article for use in Electric Vehicle (EV) applications. The disadvantages of higher losses in
an Asynchronous Buck Converter (ABC) are intended to be addressed by the Synchronous Buck
Converter. Fewer losses occur in the circuit when MOSFET (or any controlled switch) is used
in place of diode. To enhance system performance, a control approach known as Emulated Peak
Current Mode (EPCM) is employed. The design of a broad range input SBC and the investigation
of power loss calculations using different control techniques, which are implemented using PSIM,
are the primary contributions made in this paper. The buck converter employed in this paper has
an output voltage of 12 V and a wider input voltage range of 40−75 V. It is utilized by electric
vehicles’ light and horn systems. Using PSIM software, the SBC using the EPCM, Current Mode
Control (CMC), and Voltage Mode Control (VMC) techniques is simulated. Hardware results
coincide with the simulation results and thus the results are validated.

Keywords: Electric vehicle; Emulated peak current mode; Drain to source resistance; DC-DC converter; Current mode
control; Voltage mode control

1. Introduction

Internal Combustion Engine (ICE) vehicles cause air pol-
lution, global warming, and resource depletion. Electric
cars, hybrid vehicles, and fuel-cell electric vehicles can
overcome the problems of conventional automobiles and
provide a solution to these issues [1]. An Electric Vehicle
(EV) is powered by an electric motor instead of a conven-
tional diesel or petrol engine. This electric motor is powered
by rechargeable batteries that is charged by using electricity.
The energy is transmitted to the vehicle by wireless energy
transmission such as inductive charging or direct electrical
cable connection. Using a battery, flywheel, super capacitor
or fuel cell, the electricity can then be stored in, on board
vehicle. The Electric Vehicle power supply configurations
show that at least one DC-DC converter is required to in-
terface to the DC-link with the Fuel Cell, Battery or Super
capacitors module. A DC to DC converter is a category
of power converters in electrical engineering and it is an
electrical circuit that converts a source of Direct Current
from one voltage level to another by storing the input en-
ergy. Storage can be either in the form of magnetic field

storage components (inductors, transformers) or in the form
of electrical field storage components (capacitors). It is pos-
sible to control the amount of power flow between input and
output by adjusting the duty cycle. In electrical powertrains,
DC-DC converters are being utilized to interface various
electrical and electronic circuits. A DC-DC converter is a
crucial part of electric cars since they contain several elec-
trical circuits that operate at various voltage levels. It is
the key component of electric cars, which are powered by
batteries with a high DC voltage. Since EV components can
work at high or low voltage levels, DC-DC converters are
needed to maintain the voltage value for these components.
In electrical cars and other electronic projects that work
at various DC levels, DC-DC converters have become an
essential component. The DC-DC converter must meet the
following requirements like higher efficiency, small size
and weight, less ripple in output, regulated power flow and
provide regulated output voltage irrespective of the input.
This is usually done for controlling output voltage, input
current, output current, or for maintaining constant power.
Transformer-based converters can provide input-output iso-
lation. Non isolated DC-DC converters are designed to
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transfer power from input to output in just one direction [2].
In this paper a Synchronous non isolated DC-DC Converter
is designed to supply horn and light system of an Electric
Vehicle. Buck converter steps down the voltage from higher
voltage to lower voltage.
An efficiency-enhanced Asynchronous Buck Converter
(ABC) with threshold compensated freewheeling diode is
proposed in [3]. Improvement of the Synchronous Buck
Converter (SBC) Dynamic Performance applied to Hybrid
Electric Vehicle Regenerative Power Systems is proposed
in [4]. A High Capacity SBC for Highly Efficient and
Lightweight Charger of Electric Easy Bikes is proposed in
[5]. The various control methods of the DC-DC converter
are implemented to maintain constant output voltage. Volt-
age Mode Control (VMC), Current Mode Control (CMC)
and Sliding Mode Control (SMC) schemes are designed
to maintain load voltage for different load conditions and
different supply conditions [6–9].

2. Operating principle
The overall block diagram of Battery-Operated Electric Ve-
hicle is given in Fig. 1.
Buck Converter (BC) is a type of DC-DC converter used to
obtain lower output voltage levels from higher input voltage
levels. To maximize performance and meet customer re-
quirements, the power converter design must be optimized.
Efficiency of the power converter is critical as the industry
transitions to higher performance platforms. In [3] an in-
tegrated synchronous buck converter was proposed which
produces independent multiple outputs with increased ef-
ficiency. A lesser regulated voltage than the input voltage
is converted by the synchronous buck converter. This con-
verter can supply higher currents and at the same time losses
can be minimized. The circuit for conventional and pro-
posed synchronous buck converter is given in Fig. 2a and
b.. The SBC consists of two power MOSFET switches,
output capacitor, and an inductor. One of the MOSFET act
as Upper Side (US) MOSFET and other act as Lower Side
(LS) MOSFET. The SBC topology is derived from the con-
trol technique of the two MOSFETs involved in the on/off

Figure 1. Schematic of Battery-Operated Electric Vehicle.

(a)

(b)

Figure 2. Conventional Buck converter (a) and Schematic
of proposed SBC in open loop (b).

switching operation. This synchronized switching operation
of MOSFET provides desired the regulated output voltage
when the wide range of input is given to the converter. The
simultaneous on/off of the MOSFET in synchronous con-
verter is prevented. Bidirectional converters are employed
so as to manage the power flow among the source and the
load [4]. When Q1 is turned on in Fig. 2b, the MOSFET
in upper side is directly connected to the circuit’s input
voltage side. When Q1 (US-MOSFET) is turned on, load
current is provided through the US-MOSFET. If the Q2
(LS-MOSFET) is turned off, the inductor current raises, and
energy stored in output capacitor [10].
When Q1 is turned off and Q2 is turned on, current is pro-
vided to the load via the LS-MOSFET. The inductor current
diminishes during this period, and discharges the LC filter.
When both MOSFETs are turned off, LS-MOSFET serves
an extra purpose. The LS-MOSFET clamps the switch node
voltage through the body of the diode to prevent VSW from
going too far negative when the high side MOSFET initially
shuts off. Fig. 3 depicts the SBC’s continuous conduction
mode.
The LC output stage smoothen the switch node voltage

to provide a controlled DC output voltage. The MOSFETs
are regulated simultaneously to avoid shoot through faults.
Shoot through faults happens when both the upper and lower
side MOSFETs are turned on together, resulting in dead
short circuit to ground. The following Table 1 compares the
conventional ABC and the proposed SBC.
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Table 1. Comparison of ABC and SBC.

Asynchronous Buck Converter Proposed Synchronous Buck Converter

Fig. 2a Asynchronous Buck Converter Fig. 2b Synchronous Buck Converter
It consists of one controlled

switch
It consists of two controlled

switches.
The current flow to the diode is controlled
by on-off action of the high side switch.

The on/off action is controlled
by low side and high side switch.

Has low efficiency than Synchronous
converter

Achieves higher efficiency than Asynchronous
converter.

The reason for less efficiency is due to
diode in the circuit.

High efficiency is due to low
side switch.

Power dissipation across the diode in
asynchronous buck converter is given by

P= VD
∗Iout

∗(1- Vout
Vin

)

Power dissipation across MOSFET
is given by P= RON

∗Iout
2(1- Vout

Vin
)

Diode loss is attributable to the forward voltage
VF. The VF of the diode increases

as a function of current.

Here controlled switch used is MOSFET.
On-resistance of MOSFET is less.

Even in the case of a Schottky diode, known
for a low VF value, the level of VF at 1 A

reaches 0.3 to 0.5 V.

The on-resistance of the N channel MOSFET,
for example, is extremely low at

50 mΩ.

3. Control technique

The control technique involved in this designed synchronous
buck converter is EPCM control. An Emulated Peak Cur-
rent Mode control method is developed by using a gate
sample and hold of the valley current. This gate sampling

Figure 3. Synchronous buck converter waveforms.

technique removes the slope, compensating ramp’s duty
cycle dependence and stabilizes the modulator gain over
line voltage changes [11].
Emulated Peak Current Mode (EPCM) SBC is shown in
the Fig. 4. In the Fig. 4, Rs denotes the gating resistor, Vin
is the input voltage, Vsw is the voltage across the switch,
VR is the reference voltage. Discrete-time models were
developed to demonstrate that the required slope of the cur-
rent, which was simulated but differed from the slope of the
actual current, had to change with controller gain in order

Figure 4. Emulated peak current mode buck converter.
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to reduce the computing work needed for slope estimation
[12]. Under typical load circumstances, inductor current
is always positive and flows from the inductor’s input to
the output side. Current is made up of a DC as well as an
AC component known as the ripple current. For the entire
switching period the addition of DC and AC components
of the inductor current remains positive, and the converter
is said to be operating in Continuous Conduction Mode
(CCM) [5].
Modern controllers comprise a circuit that prevents loss of
DCM conduction by emulating a diode’s current blocking
behavior by the use of low-side synchronous MOSFET. This
smart diode action is known as the Diode Emulation Mode
(DEM), and it serves to switch off the synchronous MOS-
FET when the circuit detects that the inductor’s current is
starting to flow in the wrong direction. This circuit monitors
the low-side synchronous MOSFET voltage across the Rs
and switches OFF the MOSFET when adverse conditions
arise.

4. Design specifications

4.1 Power circuit
For the given specifications of the SBC in Table 2, the
inductor, capacitor and the other required parameters are
calculated
Duty cycle for minimum input voltage (V in min) = 40 V is

D =
Vout

Vin min
=

12
40

= 0.3 (1)

Duty cycle for maximum input voltage (V in max) = 75 V is

D =
Vout

Vin max
=

12
75

= 0.16 (2)

Inductance is calculated [9, 13] by taking 40% of Ipp is

L =
Vout

Ipp ×Fsw
×
(

1− Vout

Vin max

)
(3)

L =
12

0.4×8×50×1000
×
(

1− 12
75

)
= 63µH

Ripple current of inductor is calculated for V in min and
V in max.

Table 2. Parameters of synchronous buck converter.

Parameters Range

Input Voltage (V in min) 40 V

Input Voltage (V in max) 75 V

Output voltage (V out) 12 V

Output current (Io) 8 A

Switching frequency (Fsw) 50 kHz

Ripple voltage 50 mV

For V in min = 40 V, the Inductor ripple current is found as

∆IL min =
Vout × (Vin min −Vout)

L×FSW ×Vin min
=

12× (40−12)
63×10−6 ×50×103 ×40

= 2.71 A
(4)

For V in max = 75 V, the Inductor ripple current is given by

∆IL max =
Vout × (Vin max −Vout)

L×FSW ×Vin max
=

12× (75−12)
63×10−6 ×50×103 ×75

= 3.25 A
(5)

The output capacitor value for the minimum inductor ripple
current is calculated as

Cout min =
∆IL min

8×FSW ×∆Vout
=

2.7
8×50×103 ×40×50×10−3 = 135 µF

(6)

The output capacitor value for the minimum inductor ripple
current is calculated as

Cout min =
∆IL max

8×FSW ×∆Vout
=

3.25
8×50×103 ×40×50×10−3 = 162 µF

(7)

4.2 Compensator circuit
Due to changes in load and fluctuating input voltage, an
open loop DC-DC converter is unable to adjust its output
voltage [14] A voltage-mode hybrid resonant buck converter
that operates in CCM is chosen and designed. To alleviate
this issue, a compensator is utilized, resulting in a steady
voltage output from the converter. Compensators are the
specialized filters used in the buck converter to obtain the
desired constant output voltage [6]. Deep analysis of dif-
ferent types of compensators (type I, type II, type III) were
made and implementation of type III compensator for volt-
age mode control of converter was done [7]. To obtain
desired performance type II compensators are used in the
converter [8].
The preferred loop crossover frequency is typically placed
at the geometric mean of the zero and pole when designing
this type of compensator, which is utilized by designers to
offer a phase boost to manage the loop [15]. Fig. 5 shows

Figure 5. Type II compensator using op-amp.
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type II compensator by using op-amp. G(S) is the gain of
the op-amp with compensator.

G(s) =
Vc(s)
Vo(s)

=−
Z f

Zi
=

(
R2 +

1
sC1

)
1

sC2(
R2 +

1
sC1

1
sC2

)
R1

(8)

Rearranging C1 and C2 in the Eqn. (8)

G(s) =
Vc(s)
Vo(s)

=−
s+ 1

R2C1

sR1C2(s+ 1
R2C2

)
(9)

Eqn. (9) denotes the gain of the op-amp with compensator.

5. Simulation of the designed SBC

5.1 Emulated peak current mode (EPCM)
Wide range input of SBC with EPCM control technique is
simulated using PSIM. The simulated converter provides
stable output voltage of 12 V when the wide range of input
from 40 V to 75 V is given as input to the converter. In
SBC the MOSFET is replaced in the place of diode. The
two MOSFETs operate in a synchronous manner so that
the both of the MOSFET do not turn ON at the same time.
Fig. 6 shows the simulation of synchronous buck converter
by using EPCM in PSIM. In EPCM control two loops are
involved one is from the output voltage and the other is
from the gate resistance of MOSFET.
The output voltage and reference voltage are compared us-
ing error amplifier with compensator then the error signal
is compared with the current sensed by gate resistor. Then
the output is given to SR flip flop so that two MOSFETs are
prevented from turning ON at the same time.
The synchronous buck converter circuit is simulated in

PSIM and the outputs were obtained. Fig. 7 a to Fig. 7 h
shows the waveform of constant output voltage of 12 V for
the variable input voltage and the gate signal of the two
MOSFETs. From the complementary waveforms of the
gate signals, it is observed that when MOSFET Q1 is in ON
condition then the other MOSFET Q2 is in OFF condition.
This helps in the synchronous operation of the converter to
obtain the stable output voltage.

5.2 Current mode control (CMC)

The simulation circuit of the synchronous buck converter by
using current mode control is shown in Fig. 8. The output
voltage plots for the input voltages 40 V and 70 V are
presented in Fig. 9. Fig. 9 (a) and Fig. 9 (b) shows the input
voltage waveform of 40 V and output voltage waveform of
12 V for the 40 V input. Fig. 9 (c) and Fig. 9 (d) shows
the input and output voltage waveforms for 70 V input
respectively. Gate signal for MOSFETs Q1 and Q2 of
SBC are presented in Fig. 9 (e) and Fig. 9 (f) respectively.

5.3 Voltage mode control (VMC)

Simulation of synchronous buck converter is similar to that
of Asynchronous buck converter, except that the replace-
ment of MOSFET in the place of diode. The voltage mode
control of synchronous buck converter is shown in Fig. 10.
Fig. 11 (a) and Fig. 11 (b) illustrates waveforms of the SBC
input and output voltages for 40 V input. Fig. 11 (c) and
Fig. 11 (d) shows the waveform of the SBC for 65 V and the
output voltage of 12 V for the 65 V input. Fig. 11 (e) and
11 (f) shows input put voltage waveform of the synchronous
buck converter for 75 V and the output voltage waveform
of 12 V for 75 V input. Fig. 11 (g) and Fig. 11 (h) shows
the gate signal for the MOSFET Q1 and Q2.

Figure 6. PSIM Simulation of SBC by using EPCM control.
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Figure 7. (a) Input voltage of 40 V. (b) Output voltage of 12 V for 40 V input. (c) Input voltage of 60 V. (d) Output voltage
of 12 V for 60 V input. (e) Input voltage of 75 V. (f) Output voltage of 12 V for 75 V input. (g) Gate signal for MOSFET
Q1. (h) Gate signal for MOSFET Q2. Input voltage, output voltage and gate signal of SBC.

Figure 8. Simulation circuit of SBC by using CMC.
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Figure 9. (a) Input voltage waveform of 40 V. (b) Output voltage waveform of 12 V for 40 V input. (c) Input voltage
waveform of 70 V. (d) Output voltage waveform of 12 V for the 70 V input. (e) Gate signal for MOSFET Q1. (f) Gate
signal for MOSFET Q2.

Figure 10. Simulation of SBC by using VMC.

6. Hardware implementation

SBC which consists of two MOSFET (one act has low side,
MOSFET and the other act as high side MOSFET) is imple-
mented in hardware. The designed SBC is tested under no
load condition.
Wide range input SBC is implemented by using emulated
peak current mode control method. The synchronous buck
converter lowers power losses compared to a traditional

buck converter by swapping a power MOSFET for the
commutating diode. Voltage drop across the diode can
be reduced by using MOSFET. The internal resistance of
MOSFET is less hence the drop across the MOSFET is less
than that of drop across the diode in ABC.
Wide range input voltage of SBC is shown in Fig. 12. The
output voltage is regulated if the input voltage is varied from
40 V to 75 V. The switching frequency is 50 kHz.
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Figure 11. (a) Waveform of input voltage for 40 V. (b) Output voltage waveform of 12V for 40 V input. (c) Wave form the
SBC for 65 V input. (d) Output voltage waveform for 65 V input. (e) Waveform of SBC for 75 V input. (f) Output voltage
waveform of SBC for 75 V input. (g) Gate signal for MOSFET Q1. (h) Gate signal for MOSFET Q2.

Figure 12. Prototype of Wide range input SBC.

From the above test it is noted that for the respective input
voltage the regulated output voltage is obtained for varying
current rating of load. Load test for the currents of 1 A, 2 A,
3 A, 4 A and 5 A of SBC are conducted and the respective

Input and output voltages are illustrated in Table 3 to Table 7
respectively.
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Table 3. Load test of SBC for 1 A.

Input voltage (V) Output voltage (V)
45 12.39
50 12.38
55 12.38
60 12.38
65 12.38

Table 4. Load test of SBC for 2 A.

Input voltage (V) Output voltage (V)
45 12.36
50 12.36
55 12.36
60 12.36
65 12.36

Table 5. Load test of SBC for 3 A.

Input voltage (V) Output voltage (V)
45 12.34
50 12.34
55 12.34
60 12.34
65 12.34

Table 6. Load test of SBC for 4 A.

Input voltage (V) Output voltage (V)
45 12.32
50 12.32
55 12.32
60 12.32
65 12.32

Table 7. Load test of SBC for 5 A.

Input voltage (V) Output voltage (V)
45 12.30
50 12.30
55 12.30
60 12.30
65 12.30

7. Conclusion

A wide range input SBC is designed for EV application
with input voltage range of 40− 75 V and output voltage
of 12 V. The converter has been simulated and tested in
three modes of operation namely, i) Emulated Peak Current
Mode ii) Current Mode Control, and iii) Voltage Mode

Control. Wide range converter is implemented and the
detailed loss calculation analysis of SBC is made and it
was found that SBC has its losses reduced by 8%. The
replacement of MOSFET (any controlled switches) in the
place of diode leads to less losses in the proposed SBC.
Thus, the SBC using EPCM, CMC and VMC is simulated
by using PSIM and the results are presented. The hardware
set up of the converter with EPCM has been tested and the
results are tabulated. Variations in the waveform for various
control technique is observed. SBC was practically tested
under load conditions for different current ratings. The
output voltage is very well regulated when the input voltage
is in the range of 40 V to 75 V for various load conditions
in the implemented converter system.
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