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 The adaptability of electric vehicle drives is primarily concerned with the 

size and efficiency of power conversion. This paper presents a unified power 

converter for the drive and charge functions of brushless direct current-based 

electric vehicle drives (BLDC). The symmetrical utilization of BLDC phase 

windings during charging operation is implemented for efficient power 

conversion. The unified converter operation, configuration, and control are 

presented. The proposed converter is simulated in the MATLAB/Simulink 

platform. The performance is evaluated using operational variables such as 

voltage, current, torque, and speed. A comparative study is presented 

regarding the size and efficiency of the proposed and existing drives. The 

proposed drive achieved 0.01 p.u. ripple in torque, 10-sec transient time for a 

change in speed full throttle command, and unity power factor current for 

charging operation, proving its robustness over the comparable drives. 
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1. INTRODUCTION 

The increasing demand for electric vehicles (EVs), hybrid EVs, and fuel-cell EVs necessitates 

innovative solutions for power electronic drive systems [1]. A variety of drives exist for the drive and charge 

functions of EVs, hybrid EVs, and other EVs [2]. The usual configurations are separate power converters for 

drive operation and charging operation [3], [4]. Several topologies are independently available for drive and 

charge functions. Soft-switched bidirectional converter for reflex charging [5]. A two-stage charging 

topology was developed [6] which efficiently performed the charging operation of EV battery. Among 

several motors available for drive operation, the brushless direct current (BLDC) motor proved efficient in 

terms of control, ruggedness, and torque performance [7]. The motors with up to nine phases were developed 

for torque performance. Several charging topologies were reviewed [8] in which single-stage, multiple-stage, 

multiplier-based, and multi-port charging of the EV battery were presented. Integrated charging is the further 

development for EV drives [9], [10] which attempted to reduce component count in the overall drive system. 

The significant developments include the application of specialized materials for BLDC or other 

motor construction which present better torque performance [11], [12]. Improved charging and driving 

topologies including the application of soft-switched conversion [13] were reviewed. The interleaved 

conversion [14] proved suitable for high-gain applications. Also, isolated converters were found adoptable 

for high-gain power conversion [15] for charging low-voltage batteries from AC sources. The charging 

operation through gird-connected conversion was investigated [16] which adopted a unified converter for 

https://creativecommons.org/licenses/by-sa/4.0/
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drive and charge operations. The single-phase operation of a three-phase converter for the drive was 

presented [17] which is the requirement under a few extreme conditions of operation. Similarly, a phase-

integrated charger [18] facilitated improved efficiency, ease of control, and reduced size and cost of drive. 

On the other vertical, the efficiency of the drive is enhanced through optimal field-oriented  

control [18] which provides redundant states for freewheeling operation facilitating low power loss and thus 

causing improved efficiency. The finite element model (FEM) analysis was found to be a useful tool for 

analyzing better structure for efficiency [19]. The electromagnetic performance analysis [20], also made a 

better understanding of the rotor behavior under different operating conditions concerning efficiency 

parameters. The approach of dual rotor BLDC [21] established better torque performance. However, the 

drive's increased size and cost are this approach's primary drawbacks. The bi-directional PEV charger for 

vehicle-to-grid (V2G) [22] improved the utilization factor of the power converter module improving the 

reliability of the overall system.  The combined motor drive and battery charge system [23] proved to 

increase the utilization index of the power converter. Another significant factor in improving the efficiency of 

the system was the control of the front-end converter for power factor correction [24] to achieve unity power 

factor current drawn from grid terminals. Also, advanced control strategies such as data-driven state of 

charge (SoC) estimation [25], and automatic charge control algorithms based on machine learning [26] were 

adopted to improve the efficiency of the onboard charge and drive systems. 

These findings necessitated an effective onboard drive that performs multiple functions without 

additional components. With the objectives of reduced size drive, a dual-functional power converter (DFPC) 

is developed. The following novel contributions for the power converter in electric vehicle drive run by 

BLDC are made: 

˗ Improved utilization of BLDC phase windings by utilizing these as interfacing filter inductances for 

battery charging operation. 

˗ Symmetrical operation of power converter switches for effective voltage and current sharing. 

˗ Unified drive and charge power converter causing reduced size and footprint of the drive. 

˗ Automatic mode determination and closed-loop control of the drive. 

The rest of the paper is organized as follows: Section 2 presents the topology of the power converter 

and a description of operating modes for drive and charging operations. Section 3 presents the control 

algorithm for drive and charging operation. Section 4 presents simulation results and discussion. Section 5 

presents the conclusions. 
 
 

2. DUAL FUNCTIONAL POWER CONVERTER FOR EV DRIVE 

The unified converter topology for the drive and charging functions of BLDC-based electric vehicle 

traction drive is presented in Figure 1. The converter consists of eight power switches supplied from a battery 

source during drive operation and an AC grid during charging operation. The phase windings of three-phase 

BLDC are controlled by a three-phase power converter and it drives the transmission system of the electric 

vehicle. The power switches SW1–SW6 function are functionally active during both drive and charge 

operations operation and SW7–SW8 are functionally active during charging operation alone. The transitions 

required in switching for drive operation and charging operation are discussed in this section. 
 

2.1.  Drive operation 

The dual functional converter enters drive mode under SW7 and SW8 are inactive with no gating 

signals provided to these switches which disconnect the AC source from the converter. The battery source 

excites the phase windings of BLDC in a sequence such as to generate a unidirectional torque under a magnetic 

field provided by a permanent magnet rotor. The sequence of transitions is depicted in Figure 2. The steady-

state operation during one cycle of electromagnetic angular velocity of the motor is presented in Figure 2. 
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Figure 1. Dual functional power converter for BLDC-based EV drive 
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Figure 2. Switching sequence during steady state drive operation (a) zero vector along all phases,  

(b) phase A positive, phase B negative, and phase C negative vectors, (c) phase A positive, phase B positive, 

and phase C negative vectors, (d) phase A negative, phase B positive, and phase C negative vectors,  

(e) phase A negative, phase B negative, and phase C positive vectors, (f) phase A positive, phase B negative, 

and phase C positive vectors 
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The steady-state drive operation starting with freewheeling of BLDC phase windings owing to the 

previous cycle is shown in Figure 2(a). A zero vector is applied across each of the phase winding facilitating 

for freewheeling action which aligns the flux space vector in the axis midway between phase A and phase C. 

This is followed by a positive vector for phase A and negative vectors for phase B and phase C respectively 

as shown in Figure 2(b). This combination of vectors provides a flux space vector aligned to phase an axis. 

Subsequently, the flux space vector is positioned midway between phase A and phase B with the switching 

vectors shown in Figure 2(c). Positive vectors at phases A and b and negative vectors at phase C make flux 

space vectors align at the axis aligned in the center of phase A axis and phase B. Similarly, the positive 

vector for phase B and negative vectors for phase A and phase C respectively as shown in Figure 2(d) 

provides flux space vector aligned to the phase B axis. Subsequently, the flux space vector is positioned 

midway between phase B and phase C with the switching vectors shown in Figure 2(e). Positive vectors at 

phases B and C and negative vectors at phase A make flux space vector align at the axis aligned in the center 

of phase B axis and phase c axis. Finally, the switching combination as shown in Figure 2(f) with a positive 

vector at phase C and negative vectors at phase A and phase B aligns the flux space vector towards the phase 

C axis. The cycles repeat in the above order with a determined switching frequency to produce unidirectional 

torque. For reversal of the direction, the switching order is reversed from the above switching sequence. 

The equivalent d-q axes reference frame vectors for voltage vectors and respective electromagnetic 

torque developed by the motor are given in (1). 
 

{

𝑢𝑑 = 𝑅𝑠𝑖𝑑 + 𝑃𝜓𝑑 − 𝜔𝑟𝜓𝑞
𝑢𝑞 = 𝑅𝑠𝑖𝑞 + 𝑃𝜓𝑞 +𝜔𝑟𝜓𝑑

𝑇𝑒 = 𝑃(𝜓𝑑𝑖𝑞 − 𝜓𝑞𝑖𝑑)

 (1) 

 

Where, Rs is the stator resistance of the motor, id, iq are d-axis and q-axis stator currents, respectively, ψd, 

ψq are permanent magnet flux linkage in the d-axis and q-axis respectively, ωr is the rotor speed and Te is 

the electromagnetic torque developed by the motor. 
 

2.2.  Charging operation 

The dual functional converter enters drive mode under SW1 and SW2 are inactive with no gating 

signals provided to these switches. The charging operation involves a rectification operation followed by a 

voltage boost operation. The primary advantage of this converter is utilizing the locked rotor motor phase 

windings as charging inductors. The sequence of transitions during one cycle of input voltage is depicted in 

Figure 3 (see Appendix). 

The switching combination as shown in Figure 3(a) determines the positive current flow through the 

phase inductors owing to the connection of inductors between the AC source and the battery source. The 

corresponding differential equations for phase currents are then obtained as provided in (2). 
 

{
 
 

 
 𝑍𝑠

𝑑𝑖𝑧𝑎
𝐼

𝑑𝑡
=

2𝑉𝑖𝑛−𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑧𝑏
𝐼

𝑑𝑡
=

2𝑉𝑖𝑛−𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑧𝑐
𝐼

𝑑𝑡
=

2𝑉𝑖𝑛−𝑉𝐵

3

 (2) 

 

With the change of switching combination as shown in Figure 3(b), the discharge interval of active boosting, 

the phase windings b and c are discharged into to battery source. The corresponding dynamics are given in (3). 
 

𝑍𝑠 =

{
 
 

 
 𝑍𝑠

𝑑𝑖𝑍𝑎
𝐼𝐼

𝑑𝑡
=

2𝑉𝑖𝑛−𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑍𝑏
𝐼𝐼

𝑑𝑡
=

−𝑉𝑖𝑛+2𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑍𝑐
𝐼𝐼

𝑑𝑡
=

−𝑉𝑖𝑛−𝑉𝐵

3

 (3) 

 

With the change of switching combination as shown in Figure 3(c), the charging period of the active rectifier the 

phase windings charged with respective levels of input voltage. The corresponding dynamics are given in (4). 
 

𝑍𝑠 =

{
 
 

 
 𝑍𝑠

𝑑𝑖𝑍𝑎
𝐼𝐼𝐼

𝑑𝑡
=

2𝑉𝑖𝑛

3

𝑍𝑠
𝑑𝑖𝑍𝑏
𝐼𝐼𝐼

𝑑𝑡
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−𝑉𝑖𝑛

3

𝑍𝑠
𝑑𝑖𝑍𝑐
𝐼𝐼𝐼

𝑑𝑡
=

−𝑉𝑖𝑛

3

 (4) 
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With the change of switching combination as shown in Figure 3(d), the second discharge period of the active 

rectifier which is the symmetrical opposite winding discharge, the phase windings B and C are discharged 

into to battery source. The corresponding dynamics are given in (5). 

 

𝑍𝑠 =

{
 
 

 
 𝑍𝑠

𝑑𝑖𝑍𝑎
𝑉

𝑑𝑡
=

2𝑉𝑖𝑛−𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑍𝑏
𝑉

𝑑𝑡
=

−𝑉𝑖𝑛+2𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑍𝑐
𝑉

𝑑𝑡
=

−𝑉𝑖𝑛−𝑉𝐵

3

 (5) 

 

A similar mirror operation for the negative cycle of input voltage is depicted in Figures 3(e)-3(h) 

with respective dynamic equations provided from (6) to (9). 
 

{
 
 

 
 𝑍𝑠

𝑑𝑖𝑍𝑎
𝑉

𝑑𝑡
=

−2𝑉𝑖𝑛+𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑍𝑏

𝑉

𝑑𝑡
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𝑉
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=
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 (6) 

 

{
 
 

 
 𝑍𝑠

𝑑𝑖𝑍𝑎
𝑊

𝑑𝑡
=

−2𝑉𝑖𝑛+𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑍𝑏
𝑊

𝑑𝑡
=

𝑉𝑖𝑛−2𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑍𝑐
𝑊

𝑑𝑡
=

𝑉𝑖𝑛+𝑉𝐵
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 (7) 

 

{
 
 

 
 𝑍𝑠

𝑑𝑖𝑍𝑎
𝑥

𝑑𝑡
=

−2𝑉𝑖

3

𝑍𝑠
𝑑𝑖𝑍𝑏
𝑥

𝑑𝑡
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𝑉𝑚

3

𝑍𝑠
𝑑𝑖𝑍𝑐
𝑥
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=
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{
 
 

 
 𝑍𝑠

𝑑𝑖𝑍𝑎
𝐼𝐼𝐼

𝑑𝑡
=

−2𝑉𝑖𝑛+2𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝑍𝑏
𝐼𝐼𝐼

𝑑𝑡
=

𝑉𝑖𝑛−𝑉𝐵

3

𝑍𝑠
𝑑𝑖𝐿𝑐
𝐼𝐼𝐼

𝑑𝑡
=

𝑉𝑖𝑛−𝑉𝐵

3

 (9) 

 

Now, the active rectifier with modulation index m and the boost operation with duty cycle D result in the 

steady state battery voltage to be (10). 
 

{
𝐺 =

1

1−𝐷

𝑉𝐵 = 𝑚𝑉𝑚𝐺𝑠𝑖𝑛(𝑤𝑡)
 (10) 

 

The transfer function of the converter to design the closed-loop current controller is obtained as follows:  

i) The instantaneous current in the capacitor and voltage across the inductor are given as (11) and (12); and 

ii) Averaging the above instantaneous quantities, it is obtained as (13)-(17). 

 

𝑖𝐶_𝑠𝑤 =
−𝑉𝑜_𝑠𝑤

𝑅
𝐷 + (𝑖𝐿_𝑠𝑤 +

−𝑉𝑜_𝑠𝑤

𝑅
)𝐷1 = 𝐶

𝑑𝑉𝑜_𝑠𝑤

𝑑𝑡
 (11) 

 

𝑉𝐿_𝑠𝑤 = 𝑉𝑠_𝑠𝑤𝐷 + (𝑉𝑠_𝑠𝑤 − 𝑉𝑜_𝑠𝑤)𝐷
1 = 𝐿

𝑑𝑖𝐿_𝑠𝑤

𝑑𝑡
 (12) 

 

𝐶(
𝑑𝑉𝑜

𝑑𝑡
+

𝑑𝜐𝑜

𝑑𝑡
) =

−𝑉𝑜

𝑅
+ 𝐼𝐿𝐷

1 +
−𝜐𝑜

𝑅
+ 𝑖𝐿𝐷

1 − 𝑖𝐿𝑑 − 𝐼𝐿𝑑 (13) 

 

𝐿(
𝑑𝐼𝐿

𝑑𝑡
+

𝑑𝑖𝐿

𝑑𝑡
) = 𝑉𝑅  − 𝑉𝑜𝐷

1 + 𝜐𝑅 − 𝜐𝑜𝐷
1 + 𝑉𝑜𝑑 + 𝜐𝑜𝑑 (14) 

 

𝐶
𝑑𝑉𝑜

𝑑𝑡
=

−𝑉𝑜

𝑅
+ 𝑖𝐿(1 − 𝐷) − 𝐼𝐿𝐷 (15) 
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𝐿
𝑑𝑖𝐿

𝑑𝑡
= 𝜐𝑅 − 𝜐𝑜𝐷

1 + 𝑉𝑜𝑑 (16) 

 

𝐺𝑖𝑑 =
𝑖𝐿

𝑑
=

𝑉𝑜

𝐿

𝑠+
𝑉𝑜+𝐼𝐿𝑅𝐷

1

𝑉𝑜𝑅𝐶

𝑠2+
1

𝑅𝐶
𝑠+

𝐷12

𝐿𝐶

 (17) 

 

The frequency response obtained for the converter transfer function provided in (17) is shown in 

Figure 4. This depicts the inherent stability of the converter. However, the phase margin is very narrow in this 

case. With PI current controller as in (18) results in the frequency response of the converter with improved 

phase margin. This necessitates for the reference current to be generated by the phase inductors as given in (19). 

 

𝐺𝐶(𝑠) = 𝑘
1+𝑠𝑇

𝑠𝑇
 (18) 

 
𝐼𝐿

𝐼𝐿
∗ =

𝐺𝐶𝐺𝑖𝑑

1+𝐺𝐶𝐺𝑖𝑑
 (19) 

 

 

 
 

Figure 4. Frequency response for converter transfer function with and without controller 

 

 

3. CONTROL OF THE DUAL FUNCTIONAL CONVERTER 

The PI controller-based closed-loop control scheme for drive mode operation is shown in Figure 5. 

The sensed rotor speed is compared against the reference rotor speed. The error in rotor speed given to the PI 

controller determines the reference for the q-axis current. The reference for the d-axis current is made zero. 

The phase currents are sensed and converter into equivalent d-axis and q-axis components. The references 

obtained for q-axis and d-axis currents are compared against actual values. The error in each of the 

components given to PI controllers determines the instantaneous q-axis and d-axis voltage vectors 

respectively. The dq-abc transformation of these vectors provides instantaneous values for phase A, phase B, 

and phase C voltages. The sinusoidal pulse-width modulation (PWM) generates respective gating signals to 

generate instantaneous phase voltages. 

The PI controller-based closed-loop control scheme for drive mode operation is shown in Figure 6. 

The sensed battery voltage is compared against the reference battery voltage. The error in rotor speed given 

to the PI controller determines the reference for phase current magnitude. Simultaneously the phase voltages 

are sensed and given to PLL to generate phase reference for each phase current. The reference for the d-axis 

current is made zero. The phase currents are sensed and converted into equivalent d-axis and q-axis 

components. The references obtained for q-axis and d-axis currents are compared against actual values. The 

error in each of the components given to PI controllers determines the instantaneous q-axis and d-axis voltage 

vectors respectively. The dq-abc transformation of these vectors provides instantaneous values for phase A, 

phase B, and phase C voltages. The sinusoidal PWM generates respective gating signals to generate 

instantaneous phase voltages. 
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Figure 5. Control schematic for drive operation 
 
 

 
 

Figure 6. Control schematic for charging operation 
 
 

4. SIMULATION RESULTS 

The simulation of the proposed dual functional converter is carried out in MATLAB/Simulink. The 

simulation parameters for sources, load, and converter components are provided in Table 1. Simulation 

results for motor torque and speed for drive mode, input voltage and current, and battery voltage and current 

for charging mode are presented in this section. 

Figure 7 presents the tracking of motor speed for a step change in speed command. A step change of 

50 rpm is provided at 1 sec. The speed changed to a new set speed at 1.15 sec. The developed electromagnetic 

torque changing speed command is shown in Figure 8. The electromagnetic torque dips to the minimum value 

and settles to a new value for the changed speed requirement. The ripple in torque is obvious with the BLDC as 

seen in Figure 8. Further, the reverse motor operation is studied. A reverse speed command of 50 rpm is 

provided at 3 sec. The robustness of the PI controller is verified from the quick transient settlement of 0.15 sec 

as observed in Figure 9. The corresponding change in torque generated by the motor is depicted in Figure 10. 

Steady-state torque is depicted in Figure 11 which verifies the ripple in torque to be 2 N-m. 

The charging operation is analyzed for input voltage, input current and battery side response along 

with inductor current. The unity power factor current drawn from the grid terminals is obtained as shown in 

Figure 12. Also, the voltage at first stage rectifier terminals is observed to be 230 V from Figure 13. Further, the 

battery bank voltage and current obtained verify the robustness of charging control. The phase windings acting 

as interfacing inductors also verify the design of phase winding for nominal switching frequency. The 

operational and structural characteristics of the drive such as component requirements, specialized construction 

of the motor, total harmonics distortions (THD). are compared to existing drives as depicted in Table 2. The 

comparison determines the effectiveness of economic aspects and reliability of the proposed drive. 

 

 

Table 1. Simulation parameters 
Parameter Simulation 

AC source 220 V, 50 Hz 
Battery source 200 AH, Imax= 20 A, V= 400 V 

Kp, Ki 0.0325, 0.224 

BLDC specifications 10 kW, 20 N-m, 318 rad/sec, 4 Poles 
Stator winding specifications 7.9 mΩ, 0.47 mH 

Stator flux 104 mWb 

Maximum current 30 A 

 
 

Key observations: 

˗ The developed DFPC exhibits better performance in mitigating input current ripple causing unity power 

factor and minimal THD input current drawn from the grid terminals. 
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˗ The dual functional control significantly reduced the THD to 0.8 percent, indicating a more sinusoidal 

and efficient current waveform in comparison to [19] and [21]. 

The developed DFPC achieved an input current ripple comparable to the scheme using a specially designed motor 

[19]. However, the present design offers a simpler system structure by eliminating the need for such a motor. 
 

 

 
 

Figure 7. Speed response for step change in speed command 
 
 

 
 

Figure 8. Electromagnetic torque response for a step change in speed 
 
 

 
 

Figure 9. Speed response during transient speed reversal operation 
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Figure 10. Electromagnetic torque response during speed reversal operation 
 
 

 
 

Figure 11. Steady-state torque 
 

 

 
 

Figure 12. Grid voltage and current during the charging operation 
 

 

Table 2. Comparison of proposed DFPC characteristics to existing drives 
Drive topology [14] [19] [21] [27] [28] DFPC 

Need for specialized motor Yes Yes No No Yes No 

Requirement of auxiliary equipment No Yes  Yes Yes No No 

No. of switches 12 6 12 6 12 8 
THD (%) 1.9 1.5 0.9 0.9 0.9 0.8 

Battery current ripple (%) 5 5 5 2 2 1 

Drive size normalized to proposed converter 2 1 2 1 1.5 1 
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Figure 13. Battery voltage and battery current during charging operation 

 

 

5. CONCLUSION 

This paper presented a unified power converter for the drive and charge functions of BLDC-based 

electric vehicle drives. The symmetrical utilization of BLDC phase windings during charging operation is 

implemented for efficient power conversion. The unified converter operation, configuration, and control are 

presented. The proposed converter is simulated in the MATLAB/Simulink platform. The performance is 

evaluated in terms of operational variables such as voltage, current, torque, and speed. A comparative study 

is presented in terms of the size and efficiency of the proposed and existing drives. The proposed drive 

achieved 0.01 p.u. ripple in torque, 10 sec transient time for a change in speed full throttle command, and 

unity power factor current for charging operation which proved its robustness over the comparable drives. 
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APPENDIX 
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Figure 3. Charging mode switching sequence for dual functional converter: (a) active boost operation for + 

ve half cycle of input voltage, (b) phase B and phase C inductor discharging for + ve half cycle of input 

voltage, (c) phase inductors charging from AC source for + ve half cycle of input voltage,  

(d) second discharge into battery source for + ve half cycle of input voltage, 
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Figure 3. Charging mode switching sequence for dual functional converter: (e) phase b and phase c inductor 

discharging for -ve half cycle of input voltage, (f) active boost operation for - ve half cycle of input voltage, 

(g) phase inductors charging from AC source for -ve half cycle of input voltage, and (h) second discharge 

into battery source for + ve half cycle of input voltage (continued) 
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