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Abstract: This paper presents the design and real-time 
implementation of an electronic differential speed control system 
(EDSC) for a neighborhood electric vehicle (NEV) with a 
decentralized power train configuration. The EDSC supervises the 
desired speed variation of the drive motors of the vehicle at various 
turning trajectories. The core focus of this design is to reduce the 
system complexity, computation delay and design expenses with 
an aid of a newly proposed drive current balancing algorithm 
(DCBA). The embedded DCBA based EDSC allocates the 
necessary torque to each wheel solely depending on the motor 
current variables. Thus, it eliminates the necessities of typical 
feedback variables-steering and speed to control the EDSC. The 
developed system performance is being investigated in situ real 
time on-board experiment. Results in the context of response time, 
design simplicity and performance reveal the effectiveness of the 
proposed framework. 
 

Keywords: Electronic Differential (ED); Current Balancing; 
Neighborhood Electric Vehicle (NEV); Permanent Magnet DC 
Motor (PMDC).  

I. INTRODUCTION 

Electric Vehicles (EV) have been garnering wide 

attention over traditional combustion engine based vehicles 
due to the growing concerns of continuously depleting fossil 
fuel and environmental safety [1]-[5]. Despite having several 
advantages, the EVs are still competing against the whole 
varieties of Internal Combustion Engine (ICE) vehicle 
alternatives with their respective strengths and limitations. 
The EV performs well as a quick and efficient mass transit 
system or as a small sized lightweight personal vehicle that 
demands the requirement of a new class of vehicle, namely, 
Neighborhood Electric Vehicle (NEV) [6].  

The NEV is required to be simple, affordable and efficient 
that could provide the necessary transportation within a close 
community wherein speed and range restrictions are not 
major concerns [7]. It could further reduce the traffic 
congestion and public parking spot. In typical EV, a single 
drive motor is mounted between the driving wheels through 
reduction gear and mechanical differential system [8], [9]. 
Such design considerably increases the overall mass of the 
vehicle along with the in-house peripherals [10] for which 
reduction of the vehicle mass is an important criteria. 
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 Thus, independently equipped motor-wheels of the 
vehicle are an effective solution. Such configuration requires 
embedding of individual smaller motors to be mounted with 
each wheel. It provides potential advantages in terms of 
flexibility, controllability and responsiveness over typical 
design [11], [12]. The major bottleneck in such design is the 
precise torque distribution among the wheels so as to enhance 
the performances [13]. 

In order to outweigh the challenge of the typical design 
electronic differential (ED) control plays a vital role. It 
distributes necessary torque to the wheels in such a manner 
that the rotation of outer and inner wheels is synchronized 
over different curvilinear paths. Unlike the mechanical 
differential, it provides significant improvements in terms of 

responsiveness and efficiency. Nevertheless, it relies on 
various feedback signals from motor that to be regulated 
strictly in order to avoid faulty operations. A careful 
approach with well-defined framework could outreach the 

shortcomings of the EVs with ED and make it potential in 
industrial prospective. Despite significant contributions in 

previously published works there is a lacking in cost effective 
solutions of ED without trading off the design simplicity, 
stability and robustness [14], [15]. The method [16] 
employed linear synchronization to derive the wheel 
reference speed using Ackermann steering geometry. It used 
velocity and steering angle feedbacks to control the speed 
difference of inner and outer wheel during a turning 
maneuver. Work in [17] adopted a direct-torque control 
scheme with same objective. Method in [18] employed speed 
ratio of the driving wheels as a control variable and improved 
the transient response of the system. Mutoh et al. in [19] 
adopted a method by estimating adequate lateral forces for 
wheel revolution based on multiple feedback variables in 
order to enhance the off-road driving performance. All the 
aforementioned strategies are based on predefined static 
steering geometry as well as several online feedback 
parameters. Hence, the system complexity and computational 
burden increases due to usage of large feedback parameters 
result in requirement of high speed controller that increase 
the cost burden. Moreover the adoption of static steering 
geometry limits the reliability of the system as it does not 
account the effect of centripetal force on wheels. The existing 
literature are lacking in addressing the appropriate ED 
strategies for NEV that meet the requirement like simple, 
tunable, robust and efficient system at limited speed range. 
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This work embeds a new EDSC by adopting a drive 
current balancing algorithm (DCBA) using offline motor 
torque speed characteristics. The proposed method eliminates 
the requirement of steering wheel feedback and that of 
predefined geometry. It does not require expensive sensors 
and high computation power thereby reduces the design 
expenses, system complexity and robustness. The main 
contribution of our work is summarized as follow: 

1. Design and analysis of the DCBA for an electronic 
differential specifically developed for the NEV; 

2. The algorithm is implemented in offline mode 
using simulated data to investigate performance 
and utility for real-time applications. The 
validated algorithm is then embedded to high 
performance interface board with inbuilt 
microcontroller using which the developed NEV 
has been tested successfully; 

3. The results obtained from the simulation as well as 
the on-board validation are outlined and 
comprehensively discussed with comparison to 
the traditional steering feedback based system. 

II.  THEORY AND METHODOLOGY 

The aims of employing ED in NEV is to provide adequate 
torque and speed to the inner and outer wheel at various 
cornering maneuver. Fig.1 shows the EV configuration with 
static steering geometry. Herein, v is velocity of the Centre of 
gravity; the inner and outer wheel velocities must be directly 
proportional to the distance of the wheels to the turning 
center as follows: 
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Wherein, vin and vout are inner and outer motor velocity, and 
R, Rin and Rout are turning radius of the mass center, inner 
wheel turning radius and outer wheel turning radius 
respectively. As defined in [20], the performance of driving 
motor in terms of motor parameters during cornering can be 
expressed as follows:  
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Here Vin, and Vout are inner and outer motor voltage, and iin 
and iout are inner motor and outer motor currents, ωin(out) is the 
inner (outer) angular velocity, Ke is the back emf constant. 
Solving Eq.(3) and Eq.(4) for equal voltage level, the current 
id is evaluated as follows: 
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Defining id = (iin-iout) and Δω = (ωin-ωout), the above 
Eq.(5) is further simplified as 
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Fig. 1. EV configuration with Ackermann steering 

geometry where R is the radius of turning with respect to 
the centre of gravity (CG). Here L, b, l, r and v indicate 

respectively 

 

Fig. 2. Transient response of current difference at various 
wheel speed differences and the respective steering angles 

As is evident from Eq.(7) that the current difference between 
inner and outer motor is a proportional to the speed difference 
of the respective wheels in addition to the exponential factor. 
The transient response of the current difference for different 
Δω at 10, 25, 40 and 50 illustrated in Fig.2 which reveals the 
consequences of Eq.(7). The respective steering angles for 
theoretical wheel speed differences are mentioned in δ versus 

Δω plot.  Nevertheless, the practical values of current 
difference will be slightly higher than that of theoretical 
values presented in Fig.2 which is due to the effects of the 
centrifugal force. Thus, it is seen that a new differential 
mechanism can be proposed taking the idea of linearly 
dependent parameters as outlined in Eq.(7) in order to avoid  
using steering and speed feedback. It could ensure simplicity 
of the design by avoiding theoretical bottleneck of the 
system.  
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Assuming equal current in Eq.(3)-(4) and substituting in  
Eq.(1) -(2) [21], the voltage difference is evaluated as below. 
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Eq.(8) illustrates that the required differential action for a 
turning maneuver for balanced the current levels in both inner 
and outer drive motors. In order to balance the current, the 
armature voltages need to be changed up to desired levels that 
need to be employed the DCBA algorithm which 
compensates the current error by using motor characteristics. 
The proposed method delivers equal amount of torque to the 
driving wheels irrespective of the direction of turning. An 
iterative change of voltage variables according to the DCBA 
control algorithm successively settles the current error during 
the curvilinear motion of the NEV. This results in the 
differential wheel rotation without the active involvement of 
steering angle feedback. 

III. CONTROLLER DESIGN 

The DCBA is realized to compensate the voltage variable 
based on the dynamic error function of the motor current 
during vehicle trajectory. The prerequisite parameter of the 
DCBA algorithm is the maximum current error (emax) and 
gain (K). In order to determine these parameters, a series of 
real-time experiments are being conducted without 
implementing the differential system into the NEV. 
Subsequently, the emax is calculated by emulation of current 
difference at multiple turning angles over a spiral course of 
turning as depicted in Fig.3. The current error with respect to 
the steering angle at different wheel speed is shown in Fig.4. 
It is observed that the emax is around ±10A, which occurs at 
115 RPM. The current difference is seen reduced at higher 
vehicular speed. This is due to the fact that the influence of 
the centrifugal force, the inner wheel experiences less 
traction force than the outer wheel. Consequently the drive 
motor current of the inner wheel decreases at higher vehicle 
speed. The controller has been designed in such a way that, if 
the current error lies below the maximum value emax, the 
control logic works in linear region. The linearity constant K 
is determined from the theoretical analysis and experimental 
validation of the NEV. That is to determine K, a right turning 
maneuver is selected over the same spiral course mentioned 
in Fig.3. Then a theoretical analysis is examined to find out 
the inner and outer wheel speed with respect to the steering 
angle following [15]. Then, a set of experiments is conducted 
by using various values of K which is presented in Fig.5.  As 
is evident, at K=8, the theoretical curve is closely matched 
with the experimental data and therefore, it is considered as 
the linearity constant during implementation of DCBA 
algorithm in the NEV. 

 

 

Fig. 3. Test path for emax measurement 

 

Fig. 4. Current error at various steering angle 

Fig.6 shows the DBCA algorithm used herein. The output of 
the DCBA is the correction factor Z which is to be added or 
subtracted to the control voltage for each drive motors. This 
process work in iterative manner for every control cycle till 
the error function converges to zero.  
The algorithm is verified by software simulation with the 
following assumptions. i). Left and right motor currents are 
assumed to be changed at different steering angle (δ<0: left 

turning, δ>0: right turning), ii). Drive motor characteristics 
are identical and iii). Acceleration command is fixed for a 
particular simulation. 

The simulation results are presented in Fig.7. It is seen that 
during a turning maneuver (left turning), the left motor 
current starts increasing compared to that of right motor. As a 
consequence, the factor Z of the DCBA changes the input 
voltage of the motors as per the requirement. It is seen that 
during the turning maneuver, the control voltage of the right 
motor increases compared to the driver assisted input voltage. 
On the other hand, the control voltage of the left motor 
decreases compared to the input voltage.  
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Fig. 5. Estimation of K value using experimental data 
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Fig. 6.DCBA based ED system 
 

 

Fig. 6. Simulation result of DCBM algorithm 

Thus, the proposed algorithm works effectively in electronic 
differential action mode that fulfills the needs. However, the 
control voltages of the motors are limited by the motor 
characteristics as illustrated in Fig.8 which was analyzed 
from the method presented in [22]. 

IV. SYSTEM IMPLEMENTATION AND ANALAYSIS 

The performance of the proposed differential is examined 
using a newly developed NEV prototype. The NEV uses a 
rear independent wheel-drive system relying on the 
permanent magnet DC motor (PMDC) driving principle, 
wherein each motor is connected to one of the wheels through 
pulley sheave-belt coupling. The coupling reduces the motor  

 

Fig. 7. Motor Torque-Speed Characteristics 

 
Table- I: Specification of PMDC drive components 

Components Type Specification 

Motor PMDC 
1HP, 24V, 3000RPM, ƞ=78% , 
La=200µH, Ra=0.15Ω, 
Ke=13.25V/RPM 

Battery Lead Acid 12V, 26Ah 

DC chopper ---------- 24V, Imax=180A, f=8kHz 

Current sensor WCS1600 100A, S=22mV/A 

 
to wheel speed by 1:10 gear ratio. 

A high power PMDC chopper is designed to actuate the 
motors over a wide torque-speed range as shown in Fig.9. 
PMDC-driver components are outlined in Table I. A parallel 
MOS switching is configured to reduce excessive on-state 
heat dissipation of the system. The module with in-built 
microcontroller controls the motors based on the sensor 
feedback, DCBA algorithm. The offsets associated with the 
sensors and respective drive circuits that effect system 
responses, have been nullified prior to validation. The DC 
chopper mounted in the front panel with necessary 
sub-circuits as shown in Fig.10. The back panel of the vehicle 
consists of battery and freewheeling section shown in Fig.11. 
The complete prototype of the NEV is shown in Fig.12. An 
online data acquisition system with display interfacing is 
developed and embedded into the NEV. During driving, the 
acquisition and display unit collects various online transient 
signals in order to evaluate the ED performance. 

The current is the major control variable in the DCBA 
strategy. Therefore, the motor currents (i) of the NEV are 
measured in every maneuvering point of the trajectory path. 
This is done to ensure the predefined constraints of the 

system as well as the improvement of the DCBA scheme. It is 
essential to note that theoretically there should be identical 
value of i for each driving motor on straight path over a flat 

surface. However, in real scenario, a small difference is 
observed which is presumably due to inherent dissimilarities 
of the motor components, circuit dissimilarities and 
difference mechanical coupling.  
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This problem has been resolved by setting a current 
threshold and subsequently, other important parameters such 
as wheel speed, input voltage and steering angle are being 
measured throughout the drive trip. A drive trip road map is 
selected for the experiment which is shown in the Google 
Map trajectory as illustrated in Fig.13. Experiment has been 
carried out several times with same settings to ensure the 
repeatability of the system and relevant results are 
demonstrated. 

 

Fig. 8. Schematic of NEV drive control module 

 

Fig. 9. PMDC driver circuit (1-MOSFET array with heat 
sink and cooler, 2-Snubber, 3-Gate driver, 4-Port for 

motor connections, 5-Power ground) 

 

Fig. 10. Back-panel of NEV (1-Motor, 2-Freewheeling, 
3-Battery) 

For two control wheels, two difference responses of current, 
voltage and speed are measured in the trip. The vehicle 
accelerates from resting position A to position B and 
gradually makes a left-turn towards C. From A to B; steering 
angle δ=0 while it is maximum negative at B. It is worth 

mentioning that, in this experiment the negative indicates the 
left turning and positive indicates the right turning of the 
NEV. The process will remains same until the vehicle 
approaches the right turns at point D. However, at D, the 
process will reverse in order to change the course of the 
direction of NEV and finally stops at the termination point E. 

 

Fig. 11. Developed NEV prototype for various 
experiments 

 
Fig. 12. Visual description of trajectory path (A-E) in 

Google map image 

It is worth noting that the proposed DCBA aims to balance 
the current in order to activate the differential action 
throughout the trip irrespective of direction of turn. The 
torque responses therefore at various cornering trips are 
essentially proportional to that of the current. However, there 
is an unavoidable current fluctuation occurs due to the sudden 
transfer of tractive effort between the driving wheels in a 
maneuver. The relation of current and torque of PMDC is 
linear, thus the DCBA tries to reduce the current error 
function by symmetrically changing their respective armature 
voltages. In case of left turning, left wheel is the inner wheel 
and right wheel is the outer wheel. This will be reversed 
during the right course of cornering. The NEV, therefore, 
shows a counter changing of RPM between the left and right 
wheel during the cornering maneuvers.  

V. RESULTS AND DISCUSSIONS 

The integrity of proposed method lies in eliminating the 
conventional steering and speed feedback from the control 
strategy and in improving the system response. Therefore, in 
order to evaluate complete  
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Fig. 13. Control parameter variations during the drive 
trip with ED over the specified Google map trajectory 

shown in Fig.13 

 

Fig. 14. Control parameter variations during the drive 
trip without the ED 

performance analysis, the validation has been carried out 
over the aforementioned trajectory as well as a spiral course 
with necessary maneuvering. Fig.14 shows the various 
parameters observed from the real road testing of the NEV. It 
is seen that the drive current is balanced due to the changes of 
control voltage (VM) at various turning of the drive trip. The 
symmetric variation of motor control voltage as well as wheel 
RPM demonstrates the successful working of the proposed 
ED. In order to find out the effectiveness of the vehicle, 
another experiment has been conducted without 
implementing the ED into the NEV. It is shown in Fig.15. 
Then a spiral course is selected with the turning radius as 
mentioned in Fig.3. Another set of experiments have been 
conducted with and without the ED over the spiral drive 
trajectory. The motor parameter variations with and without 
ED during the spiral course is presented in Fig.16 and Fig.17 
respectively. It is noted that during the spiral drive trip, only 
left cornering performances are presented in this article. The 
right cornering performance is just opposite to that of the left 
cornering performance. However, for the ease of explanation, 
the possible nominal dissimilarities between the left and right 
cornering performances are ignored. A comparison of total 
motor power has been evaluated from the aforementioned 
results which are shown in Fig.18. 

 

Fig. 15. Control parameter variations during the spiral 
drive trip with ED 

 

Fig. 16. Control parameter variations during the spiral 
drive trip without ED 

The summation of the average drive motor power is tabulated 
in Table.II. It is seen that the total motor power consumption 
without ED is higher than that of with the ED. A comparative 
analysis is carried out to show the merit of the proposed ED 
over the typical steering feedback based approach. A steering 
feedback based algorithm has been implemented into the 
NEV and perform the previously explained road tests and 
accordingly, the power requirement for both the cases is 
calculated. The motor power consumption of the NEV in 
both the cases is illustrated in Fig.19 which indicates that the 
power consumption conventional method is more than that of 
the proposed method. In addition, some methods akin to our 
analysis is also highlighted in Table.III in the context of some 
relevant parameters which evinces the effectiveness of the 
proposed method. 

VI. CONCLUSION 

The study focused on development of ED based NEV and 
performance evaluation with a proactive DCBA control 
algorithm. The proposed system do not actively use the 
steering feedback and velocity sensors thus simplifies the 

system complexity and reduces the cost. Furthermore, the 
current feedback concept makes the system faster, accurate 
and effectively applicable in NEV driving. Several on-road 
experiments were conducted to 
validate the system.  
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The promising performance as seen from the comparative 
analysis reveals the improvements in reduction of overall 
power consumption of the NEV. Even though the aforesaid 
study is merely based on PMDC motor technology, the 
strategy could essentially be extended for AC or BLDC 
motors. The advanced AC motor control method namely 
Field Orientation Control (FOC) requires phase current 
observer to estimate the rotor position. On the basis of 
estimated rotor position, the FOC controller generates 
necessary input voltage to the motor. Likewise, the DCBA 
strategy could be adopted in FOC mechanism so as to 
regulate the motors according to various maneuvering 
demand. There could be several opportunities to further 
improve the proposed method. Nevertheless, by considering 
the limitations of the NEV driving environment, the 
rationality of the proposed article excludes the analysis over 
off-road and undulating road surfaces.  

  

Fig. 17. Sum of the average power of the motors with 
and without ED over the rectangular and spiral drive 

trajectory 

Table- II: Average motor power 

Drive trajectory 
 

With ED 
 

 
Without ED 

Rectangular 276 W 336 W 

Spiral 191 W 203 W 

 Conventional 
Method 

Proposed Method 

Rectangular 197 W 160 W 

 

 

Fig. 18. Motor power consumption comparison with the 
conventional metod 

Table- III: Relevant comparisons of DCBM with 
conventional method 

Comparison 
 

DCBM method 
 

 
Conventional 
method 

Response time 9.5ms 17ms 

Power consumption Lower Higher 

Sensor used Current sensor 
Angle, speed and 
current sensors 

Computational 
complexity 

Moderate with less 
feedback parameters 

Higer with 
multi-sensor interfaces 
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