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Abstract – This paper presents a regenerative braking control scheme for Switched Reluctance 
Machine (SRM) drive in Electric Vehicles (EVs). The main purpose is to maximize the recovered 
energy during battery charging by taking into account the nonlinear physical characteristics of the 
Switched Reluctance Machine. The proposed regenerative braking method employs the back-EMF in 
the generation process as a complicated position-dependent voltage source. The proposed maximum 
power recovery (MPR) operation of the regenerative braking is first based on the maximization of the 
extracted power from the machine and then the maximization of the power transferred to the battery. 
The maximum power extraction (MPE) from SRM is based on maximizing the energy conversion ratio 
by the calculation of the optimum PWM switching duty cycle, turn-on, and turn-off angles. By using 
the impedance matching theorem that allows the maximum power transfer (MPT) of the MPE, the 
proposed MPR is achieved. The parametric averaged value modeling of the machine phase currents in 
the chopping control mode is used for MPR realization. By following this model, a nonlinear 
equivalent input resistance is derived for the battery internal resistance matching. The effectiveness of 
the proposed regenerative braking method is demonstrated through simulation results and experimental 
implementation.

Keywords: Switched reluctance machine, Electric vehicles, Regenerative braking, Maximum power 
recovery

1. Introduction

During the last two decades, various investigations have 
been devoted to the field of switched reluctance machines 
due to such advantages as small size and low cost, along 
with high efficiency in automotive applications [1,2]. SRM 
quickly becomes a candidate for EVs and hybrid electric 
vehicles (HEVs). With its extended speed range at constant 
power region, SRM can minimize the power rating of the 
propulsion system to achieve the high acceleration 
performance. Because of these advantages, the SRM-
based traction system can also recover more kinetic energy 
during regenerative braking [3]. Switched reluctance 
machine is a good choice for battery-powered applications, 
as it combines high efficiency and reliability with low 
manufacturing costs [4, 5]. However, high torque ripple, 
especially in EVs, and the inherent nonlinear mathematical 
model are its main disadvantages. Mechanical structure 
design [6] and advanced nonlinear control methods have 
been used to achieve a the reduced mechanical vibration 
through torque ripple minimization [7, 8]. 

In recent years, there has been much research on 
efficiency improvement and energy process enhancement 
for EVs and HEVs, especially focusing on energy manage-
ment systems [9,10] and regenerative braking methods [11-
14]. One of the most important factors for an improved, 
fuel-efficient hybrid electric vehicle is the regenerative 
braking system (RBS), which accounts for about 20-40% 
of the total energy efficiency improvement [15]. Limiting 
factors in RBS energy recovery performance are the motor 
capability to deliver high torque and power, the ability 
to ensure optimal battery charging, and the available 
friction between road and tires. In [12], RBS energy 
recovery operation is improved by the evaluation analysis 
of contribution ratios, resulting in the increase of energy 
flow towards the battery. In [13, 14], RBS method is 
designed based on the nonlinear controllers to optimize 
the cooperation between the regenerative braking and 
mechanical braking. However, not all of the available 
energy is used to charge the battery. 

In this paper, the first two factors are studied and the 
combination of the proposed RBS with a conventional 
mechanical braking system can be used for more improve-
ment. Actually, the optimum braking torque generation at 
different vehicle speeds and the maximum power recovery 
during the regenerative braking process are considered as 
the two most important characteristics in braking perfor-
mance. Improved regenerative braking control schemes 
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for the realization of the maximum power recovery in a 
regenerative braking system are developed in [16-18], 
but with a focus on the brushless DC machines. In [19], 
the braking torque closed-loop control of SRM with the 
optimization of switching angles by a genetic algorithm 
is proposed to improve the braking energy efficiency. An 
integrated charging SRM drive for Plug-In Hybrid Electric 
Vehicles (PHEVs) is proposed in [20]. However, employing
the non-conventional SRM converter and operating only in 
the separate excitation mode can limit its usage in HEVs 
and fully electrified vehicles. An integrated charging SRM 
drive using the conventional drive converter is proposed in 
[21], where the machine stator winding is incorporated in 
battery charging. Implementing a front-end bidirectional 
DC/DC converter [22] and a DC/DC boost converter [23] 
has been proposed to harvest more regenerative energy. 
In spite of some advantages, in the previous researches, 
an additional converter is needed, which can increase the 
cost and complexity, and degrade the overall efficiency. 
However, not much attention has been devoted to the 
physical characteristics of the machine and battery during 
the charging and discharging periods. Based on parametric 
average value modelling in the current chopping control 
mode [24], the first objective is to determine the optimum 
switching angles and PWM duty cycle in order to achieve 
the maximum power extraction (MPE). 

Considering the machine back-EMF in the braking 
process as a time-varying input source, we present an 
analytical approach to calculate the voltage gain in the 
regenerative braking mode of the SRM in the battery 
charging period. According to the required braking torque, 
the optimum PWM duty cycle of freewheeling and the 
excitation processes using the conventional asymmetrical 
converter can be derived to maximize the extracted 
energy of the machine. The optimum PWM duty cycle is 
calculated from the energy conversion ratio calculation 
[16]. The next step is the matching between the obtained 
SRM position-dependent equivalent resistance and the 
battery pack internal resistance to achieve the maximum 
power transfer (MPT). The machine equivalent input 
resistance is obtained based on the SRM averaged value 
model. This technique is used for MPPT in the solar system 
by applying to the load side in [25] and the source side in 
[26]. A similar method is proposed to optimize the 
energy recovery in low-power energy harvesting systems 
for the source side in [27-29], fuel cell-based power source 
vehicles [30], and thermoelectric generators [31]. The SRG 
converter operation is considered as an interleaved boost 
converter which has advantages such as increasing the 
power density and system efficiency, and minimizing the 
input current ripple [32].

To meet these demands, the PWM control of the SRM 
converter is used to control the input resistance of the 
machine to match with the internal resistance of the battery.
Resistance matching by using pulse width modulation 
(PWM), could achieve the maximum power transfer 

without having to use the complicated control system. 
The effectiveness of the proposed MPR high-performance 
battery-powered regenerative braking operation is 
demonstrated by simulation and experiments. Experimental
results are presented by implementing a traction drive 
system including a four-phase 8/6 SRM.

2. Maximum Power Recovery via Maximum 

Conversion Ratio Calculation

2.1 Operational principles

During regenerative braking, the electric machine should 
provide the required braking torque at any speed with high 
energy recovery efficiency. In other words, the maximum 
braking power recovery is a necessary factor for the 
regenerative braking performance. This implies the match 
between the operation of the electric motor, braking torque, 
and power requirement. The overall layout of the SRM in a 
traction drive system is shown in Fig. 1. The drive system 
consists of a battery pack as an energy storage, and a bulk 
DC link capacitor connected to the asymmetric bridge 
converter. Constant voltage or constant power loads (CPL) 
can also be connected to the main DC link. The magnetic 
saturation of the machine is considered in simulations by a 
proper description of the flux and torque characteristics. 
The experimentally measured flux linkage curves of the 
used 8/6 SRM are shown in Fig. 2.

The SRM in regenerative mode operation is a non-ideal 
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Fig. 1. Basic model of a SRM traction drive with an on-
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power source with appreciable nonlinear back-EMF. 
Improving the applicability of the SRM in EVs by taking 
the structural characteristics into account is a significant 
step in the regenerative braking control design. In this case, 
the conventional asymmetric converter in the self-excited 
mode can be considered as an integrated DC/DC boost 
converter occurring in the regenerative mode operation, as 
shown in Fig. 3.

2.2 Maximum power extraction by maximum 
conversion ration function

The switched reluctance machine operates in the 
regenerative mode when the phase current is in the 
descending region of the phase inductance. The ideal 
inductance profile of the SRM ( )L q , and one phase 
current i in the chopping current control mode can be 
seen in Fig. 4. Fig. 5 illustrates the excitation, freewheeling, 
and regenerative operation modes of SRM drive by 
employing self-excited conventional asymmetric converter 
for one phase, according to the three operating regions of 
Fig. 4. The complete structure is presented as an integrated 
interleaved boost converter in the freewheeling and 
generation mode, as shown in Fig. 6. In this case, the 
conventional asymmetric converter can be considered as a 
DC transformer, in which the primary side of the 
transformer is fed by the machine back-EMF, and the 
output voltage at the secondary side is a function of the 
switching duty cycle of the SRM converter.

The switches S1 and S2 are turned on in the excitation 
period sT  and the switch S1 is turned off in the 
regenerative (battery charging) period cT  with the duty 
cycle D of the switching period swT . Then, both are turned 
off at dq  at the end of the stroke period stT . The phase 

current can be written as [33]:

( )

( )
( )

,

,

dc on
on off

off d

V

i L
L

I

q q
q q ql

w q
q

q q q

ì -
< <ï

= = ×í
ï £ <î

   (1)

where l  is the flux linkage, I  is the phase current value 
in the generation period, dcV  is the DC link voltage, and 
w  is the machine speed. The phase voltage ( )LaV q  can 
be described as  1

( )La dcV V ri Eq = - -  in the excitation 
mode; 2

( )LaV E rIq = -  is in the freewheeling mode and 
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3
( )La dcV E rI Vq = - -  is in the regeneration mode, where 

E  is back-EMF and r  is the stator resistance. According 
to the principle of volt-second balance, the net change of 
phase voltage is zero over the one stroke period stT :

( ) ( )

( ) ( ) ( )( )1 2 3

1

1
0

d on

d on

La La
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La La La

V t dt V d

V V V d
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= + + =

ò ò
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It is reasonable to assume that the excitation occurs in 
the flat region of the inductance profile. As a result, ( )L q
is equal to its maximum value maxL  and also 0E = . 
Therefore, (2) can be expressed as:
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where 2 d offq q qD = -  is the generation interval and 

2 / swk Tq w= D  is the multiplication of excitation plus 
regeneration modes to its number of occurrences during 
one stroke period. The averaged form of the regeneration 
battery charging interval (3) is calculated as:
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By simplifying (4), (4) can be expressed as:
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where 1 off onq q qD = -  is the excitation interval, 
1D D¢ = -  , and 

1

1

2
x

k
x

k

k k

k
=

+æ ö
= ç ÷
è ø

å

According to the principle of the DC link capacitor 
charge balance, one can write:

( )
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After substituting the related current values in three 
operation modes from Fig. 4, (6) can be written as:
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Calculation of (7) yields:
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Finally, by substituting the obtained current from (8) in 
(5), with some manipulation, the conversion ratio function 
can be defined as:
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2 2
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To determine the maximum conversion ratio, one can 
differentiate ( ), ,on offG Dq q ¢  with respect to D¢  and 
equate it to zero yields:
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3. Maximum Power Transfer (MPT) via 

Resistance Matching

In this section, the MPR is achieved by adjusting the 
apparent resistance of the machine, that it would be equal 
to the internal resistance of the battery pack. The optimum 
value of the duty cycle is determined to extract the 
maximum power by matching the battery internal 
resistance to the equivalent resistance of the machine. As a 
preliminary step, the peak value of the phase current can be 
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obtained from Fig. 3 as follows:

( )
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( )
( )

( )

1

1

1

2 2

2

off

dcdc
s

dc sw dc

E VI V
I I DT

L L

E V DT V

L

q
q

w q q

q

w q

-D D
= + = +

- + D
=

(11)

The position dependent equivalent resistance ( )eqR q , 
which can be seen from the output port of the machine, as 
shown in Fig. 7, is calculated from (11) as:

( )
( )

( ) 1

2

1
eq
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LE
R

I G DT G

w q
q

q
= =

- + D
(12)

As derived in (12), the equivalent resistance depends on 
the duty cycle, the value of the inductance, and excitation 
interval. Fig. 8 illustrates the variation of the duty cycle 
against eqR  for different excitation intervals. The structure
overview of the SRM maximized recovered energy driving 
system is illustrated in Fig. 9. For a load resistance bR , 
there is an equivalent resistance eqR , and when eqR is 
changed, bR  is also changed. Hence, by using an MPR 
algorithm, the generator current can be regulated so that the 
forcing eqR would be equal to the input resistance of the 
machine.

At a predetermined switching angle, for a specific 
battery internal resistance, there is an equivalent position 
dependent SRM resistance that can realize the resistance 
matching to maximize the power transfer from the machine
to the battery by selecting the related optimum duty cycle. 
The profile of the maximum conversion ratio for different 
SRM equivalent resistances and battery internal resistances 
is shown in Fig. 10. As a result of the battery internal 
resistance variations, the eqR  changes, and the phase 
current can regulate the forcing duty cycle to its optimum 
value by using the MPR algorithm. It can be seen that by 
selecting the equivalent resistance across the terminals of 
the SRM equal to the battery internal resistance, the 
amount of the transferred power from the machine can be 
maximized.

3.1 Battery internal resistance estimation

The performance of the proposed regenerative braking 
methods is strongly related to the derivation of battery 
resistance in the charging process. As the employed battery 
model is the lead-acid battery type, the improved simple 
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and commonly used lead-acid battery model is used; it is 
an ideal voltage source bE  in series with an internal 
resistance bR , which is expressed as [34]:

b b b bV E I R= - (13)

0

0

b b t
b

KQ
E E

Q I dt

= -

- ò
(14)

where bI  is battery current, 0bE is the battery voltage at 
no-load condition in the rated charge, K is the polarization 
constant, and Q is the battery capacity. In this battery 
model, the internal resistance varies with the change state 
of charge (SOC) of the battery as:

0
b a

R
R

SOC
= (15)

where 0R  is the internal resistance in full charge 
condition, and a is the capacity coefficient; the state of 
charge (SOC) of battery is defined as:

0
0

1 t
bSOC SOC I dt

Q

æ ö
= + ç ÷

è ø
ò (16)

where 0SOC  is the initial SOC level of battery.

3.2 Maximum power regeneration constraints

In the actual driving conditions, there are some 
constraints in the realization of the proposed MPR scheme 
that should be considered; such as the maximum allowable 
charge current of lead-acid batteries to protect the battery, 
and braking torque control considering the mechanical 
vibration and comfort level for the occupants. The proposed 
scheme proposed in [35] is used as an effective strategy to 
restrain the charging current and provide a smooth and 
reliable brake. The proposed strategy applies an averaged 
braking torque according to the motor speed, as shown in 
Fig. 11, where the motor speed is inversely proportional to 
the braking torque to prevent the high battery charging 

current in the maximum power regeneration algorithm. The 
averaged applied braking torque can be expressed as:

( )
(max) (min)

(max) min
max min

brake brake
brake brake

T T
T T w w

w w

-
= - -

-

(17)

where maxw , minw , (max)brakeT , and (min)brakeT  are 
the highest and lowest motor speeds, the maximum and 
minimum braking torques, respectively. In the very low 
speed operation, back-EMF is not enough to be recovered 
because of the losses. Therefore, the minimum speed of 
energy-regeneration mode should be used in the braking 
strategy.

4. Simulation and Experimental Results

Simulation results established in MATLAB/SIMULINK 
are presented here for a SRM with the parameters given in 
Table 1. The traction drive is based on 8/6 SRM and the 
pulse switching of only one switch of each phase instead of 
two switches. A trapezoidal like speed reference, as shown 
in Fig. 12 includes accelerated and decelerated parts used 
to show the effectiveness of the system to emulate real 
driving conditions of EVs.

Fig. 13 shows the conversion ratio as a function of 
excitation and regeneration intervals. The effect of 
switching angles on the conversion ratio is shown in this 
profile by altering the excitation interval vs. the charging 
(regeneration) interval. It can be seen that the conversion 
ratio and consequently, the extracted power is can be 
maximized by increasing the charging period. The 
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Table 1. 8/6 SRM specifications

Variables Unit Value
Rated power kW 4

Rated phase current A 9
Rated DC link V 280

Aligned inductance mH 0.114
Unaligned inductance mH 0.0136
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optimum duty cycle related to the maximum power 
recovery is determined from Fig. 14. As it is illustrated, 
due to the decrease of the internal resistance, the duty 
cycle is increased in fixed switching intervals. For 

1sT = kHz, 1000n = rpm, 0.7r = Ω, 0.01bR = Ω, 

1 8qD = o , 2 20qD = o , and, the optimum duty cycle is 
determined to be equal to 0.78.

The MPR operation is completed by conducting internal 
battery resistance estimation and taking it to be equal to the 
equivalent resistance at each rotor position simultaneously. 
The graphs shown in Fig. 15 demonstrate conversion ratio 
against the duty cycle and battery internal resistance. It 
can be seen that the conversion ratio is increased as the 
duty cycle is raised; after an optimum value of the duty 
cycle, the gain starts decreasing. The specific duty cycle is 
0.78 for the above-mentioned parameters. This profile 
determines the accurate duty cycle to track the desired 
machine equivalent resistance in real-time operation.

Decreasing the rK  factor increases the conversion ratio, 
and it is directly related to the decrease of internal phase 
resistance. The optimum duty cycle of the regeneration 
mode is related to the maximum value of the energy 
conversion ratio in Fig. 13. The maximum voltage gain or 
conversion ratio is also obtained for the given bR , as can 

be seen in Fig. 10. It may be observed that the maximum 
voltage gain required for the maximum power extraction is 
confirmed by the resistance matching technique.

To demonstrate the performance of the SRM drive with 
the proposed control scheme, the brake signal is abruptly 
commanded at t=0.2 s as an external disturbance, while the 
reference speed in the motoring mode is 1300 rpm and the 
reference speed in regenerative mode is kept constant by 
the external servo drive at 900 rpm. Fig. 16 (a) and (b) 
shows the convergence of the responses on the reference 
speed with a small steady state error and four phase 
currents.

A SRM drive system with the same parameters of 
Table 1 is implemented to verify the proposed regenerative 
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braking scheme. The experimental setup and its general 
layout are shown in Figs. 17 and 18. The experiment 
hardware is based on a TMS320F2812 DSP; it consists 
of the following sections: (i) the asymmetrical converter, 
which is implemented using IXSH 35N120A IGBT with a 
gate driver TLP250 and fast power diodes DSEI 20-12 A, 
(ii) Hall-type galvanic isolation CSNE151-104 Honeywell 
sensors for measuring the phase currents, and (iii) A 10-
bit absolute encoder Autonics EP50S8 that is used to 
determine the rotor position.

Fig. 19 shows the flowchart of the proposed MPR
regenerative braking. We used a torque and speed profile of 
a regenerative braking, and the SOC of the battery as the 
input of the design. The output is the equivalent resistance 
profile of the SRM, and a lookup table-based MPR 
algorithm is performed. At the design time, the MPE 
computes and builds a lookup table with the input of G, 

bR , and switching intervals. We determine the optimal 
duty cycle by the use of the lookup tables. Besides, we 
calculate eqR  fast enough through MPT at run time 
because we have the analytical model of the SRM 
converter.

In order to verify the impact of the proposed regenerative

braking technique in calculating the optimum PWM duty 
cycle for maximizing the conversion ratio by considering 
the effects of the battery internal resistances and the 
nonlinear equivalent phase machine, a comparison with the 
conventional method is conducted. For each strategy, two 
braking scenarios are investigated for the system under 
experimental studies. In the first study, as shown in Figs. 
20 (a) and 21 (a), the regenerative braking is done when 
the electric vehicle is driving at the constant speed. The 
brake signal is abruptly commanded at t=1 sec, as an 
external disturbance, while the reference speed in the 
motoring mode is 1200 rpm, and the speed in the 
regenerative mode is kept constant with an external servo 
drive at 600 rpm. When the braking torque is applied, the 
phase currents move from the motoring mode in the 
positive region of the inductance profile to the generating 
mode in the descending inductance region of Fig. 3. As a 
result, the speed is decreased, and the braking power is 
stored in the battery.
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(a)

(b)

Fig. 20. Experimental results of conventional method (a) 
constant driving speed with the brake signal at t=2 
sec., and (b) with acceleration and deceleration 
periods.

In the second study, the experimental results for different 
acceleration and deceleration rates are demonstrated in 
Figs. 20 (b) and 21 (b). In the acceleration period, the 
speed command is linearly set from zero to 800 rpm in 0.3 
sec. As the speed increases, the current of the battery is 
increased because of its operation in the discharging mode. 
In the two deceleration periods, the regenerative power is 
recovered on battery. Therefore, the battery current is 
reversed from discharging mode to the charging one. Fig. 

21 shows the results with applying the proposed method, 
which faster convergence of the speed response with the 
low steady-state error, phase current, and battery current 
transition from the motoring mode to the generation mode 
are observed. The maximum value of the output power is 
obtained according to the optimum duty cycle related to the 
maximum conversion ratio; and it is verified with the 
resistance matching technique. It is observed that the 
maximum power recovered to the battery is 930 w at the 

(a)

(b)

Fig. 21. Experimental results of proposed method (a) 
constant driving speed with the brake signal at t=1 
sec., and (b) with acceleration and deceleration 
periods

Table 2. Important parameters and their value in the three experimental testrotor speed

600 rpm 800 rpm 1200 rpm
                         Strategy

Variables                    
Proposed Convetinonal Proposed Convetinonal Proposed Conventional

Turn-on angle (θon) 3 3 2 2 1 1

Excitation cutting angle (θoff) 7 7 8 8 9 9

Turn-off angle (θd) 24 24 27 27 29 29

Excitation interval (Δθ1) 4 4 6 6 8 8

Generation interval (Δθ2) 17 17 19 19 20 20

Output power (P) 782 712 897 796 930 905

Duty cycle (D) 0.74 0.6 0.76 0.7 0.78 0.85
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corresponding duty cycle of 0.78 when 1 8qD = o  and 

2 20qD = o . The average power recovered to the battery 
during the regenerative braking operation is calculated as 
[6]:

0

1 regenT
dc dc

regen
P V I dt

T
= ò       (18)

where dcV  is the DC link voltage, dcI  is the DC link 
current, and regenT  stands for the total time period of 
the regenerative braking operation. The values of the 
extracted power charging the battery pack and the 
corresponding duty cycles are shown in Fig. 22. It can be 
seen that the obtained optimum duty cycle is 0.78, and its 
related maximum extracted power, i.e., 930 w, thereby 
confirming the effectiveness of the proposed regenerative 
braking approaches. The experimental result analysis is 
summarized in Table 2; according to this table, by 
increasing the rotor speed the generator output power is 
increased due to the increase of excitation interval.

5. Conclusion

A regenerative braking strategy for switched reluctance 
machine is proposed for maximizing the recovered power 
during battery charging based on the maximum power 
extraction and the maximum power transfer. The maximum 
conversion ratio and charging current could be realized 
through PWM switching by the optimum duty cycle. The 
proposed technique could show the capability of not only 
the optimum switching duty cycle calculation, but also the 
switching turn-on and turn-of angles to achieve MPE. In 
this regard, the internal resistance of the battery is 
considered, and an analytical expression describing the 
resistance characteristic of SRM is derived for MPT 
operation. It is shown that the SRM exhibits a nonlinear 
position-dependent resistive behavior. By the calculation of 
the optimum switching parameters, the MPR in the 
regenerative braking mode is confirmed by both simulation 

and experimental investigations. The results showed the 
operational effectiveness of the proposed regenerative 
braking strategy for electric vehicles.
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