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Distributed Electric Powertrain Test Bench With
Dynamic Load Controlled by Neuron

PI Speed-Tracking Method
Wanbang Zhao, Qiang Song , Wenbin Liu, Mukhtiar Ahmad, and Yiting Li

Abstract— Based on the real-time model and platform,
a dynamic hardware-in-the-loop (HIL) testing method for the
distributed powertrain of electric vehicle (EV) is proposed. Com-
pared with static point testing, the dynamic HIL test can provide
a more realistic working environment for the EV’s distributed
electric powertrain (DEP) early development. The test data of
electric motor’s efficiency and maneuver performance under a
dynamic work condition are more authentic and meaningful.
Meanwhile, the driver-vehicle-road real-time (DVRRT) model is
set up to emulate the actual condition. The speed-tracking control
method with proportional–integral (PI) gains tuned by the neuron
network algorithm is used to generate the distributed real-time
loads. Maximum adhesion limitation is added once the slipping
is detected in the real-time model. Simulation and experiment
of the test bench are done. The generated distributed load is
compared with both the theoretical one and the simulated one in
the Carsim software platform. Two comparisons show the similar
results. The load accuracy is high, but there is a short time delay.
The mechanical work measured by the experiment test bench is
highly consistent (97.5%) with the theoretical value. As a result,
the proposed test bench and its control method can be used for
DEP efficiency test.

Index Terms— Distributed electric powertrain (DEP), driver-
vehicle-road real-time (DVRRT) model, dynamic loading,
dynamometer, hardware-in-the-loop (HIL) test bench.

I. INTRODUCTION

W ITH the draining of the fossil resources and the heavy
air pollution in the urban cities, the emission-free

vehicle seems to be a perfect solution. Researches on electric
vehicle (EV) technology are done by many engineers. Due to
the flexible layout of the electric motors compared with com-
bustion engines, some new types of powertrain structure for
EV have been proposed such as hybrid powertrain [1], dual-
motor coupling powertrain [2], powertrain with two propul-
sion machines, and a torque coupler [3], while distributed
electric powertrain (DEP) is a unique one, in which every
driving wheel is equipped with an independent powertrain.
Various control strategies are proposed to improve the dynamic
performance in steering maneuvers and energy consumption
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efficiency of DEP, such as [4]–[7]. Zhuoping et al. [8] sum-
marize the features and existing dynamics control strategies
of DEP.

Bilgin et al. [9] state “In electrified powertrain applications,
the efficiency of the electrical path, and the power and energy
density of the components play important roles.” But it is hard
to test DEPs’ efficiency and dynamic performance on the test
bench except the real road test. The traditional test facilities
such as dynamometers without a dynamic control strategy can
only test the static torque characteristics with static load [10].
However, the electric motors of vehicle are different from the
other industrial electric motors; the work condition covers a
large range. The static point test cannot reflect the realistic
efficiency and dynamic performance of the tested motors under
its unique work condition. Newton et al. [11] bring up the
idea to emulate dynamic load characteristics with a dynamic
dynamometer. This paper also proposed a hardware-in-the-
loop (HIL) dynamic test equipment and the method for vehicle.
There are several methods to generate the dynamic load; the
conventional one is inverse dynamics method. Ma et al. [12]
take the road/tire longitudinal interaction into account and give
the dynamometer, the torque order equal to the dynamic load.
Test bench for emulating the electric-drive vehicle system is
established by Fajri et al.’s [13], [14] team. Inertia equivalent,
vehicle resistance, and friction braking are concerned when
generating the dynamic load. However, those test bench cannot
be directly used as a laboratory facility to test DEP. Multiple
dynamometers are required to generate distributed load for
each independent driving motor (DM) of the DEP.

This paper proposed a novel test bench control method to
implement the DEP HIL dynamic test. A real-time model
of the DEP vehicle and the test environment are estab-
lished. The speed-tracking control is proposed to gener-
ate the dynamic distributed load, in which dynamometers’
proportional–integral (PI) parameters are tuned by the neuron
network algorithm. The maximum adhesion is also concerned
in the control strategy. Test bench experiment and Carsim
simulation comparison are shown in the last section.

II. TORQUE DISTRIBUTION STRATEGIES AND VEHICLE

DYNAMICS OF THE DEP

A. DEP Vehicle Dynamics

For the distribute driving EV, it has the following characters.
Its torque response is dramatically faster than the traditional
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Fig. 1. Dynamics of the vehicle.

vehicle driven by the internal combustion engine. Each driving
wheel has its independent electric powertrain which can be
controlled individually. The differential torque output of the
wheels on the same axle can generate a yaw moment defined
as direct yaw-moment control. The dynamic control functions
such as traction control and antilock braking are realized by the
independent torque output on each driving wheel accurately
and rapidly [5]. To simplify the problem and test bench struc-
ture, the DEP studied and tested in this paper is the one which
has the dual-independent motors for steering axle (front axle).

For each independent driving wheel, there is an equation

Itw · ẇi = −Rw · Fxi − Tbi + Tdi (1)

where Itw is the rotational inertia of the wheel. wi is the
rotation speed of each wheel. Tdi and Tbi are the driving and
braking torques on it. Rw is the rotational radius. Fxi , Fyi , and
Fzi mean the longitudinal, lateral, and vertical forces of each
tire, respectively, in which i changes with the wheel (fl for
front left, fr for front right, rl for rear left, and rr for rear right).

The DEP vehicle dynamics (shown in Fig. 1) can be sum-
marized in the following equation, in which the longitudinal
kinetics, lateral kinetics, and yaw kinetics are shown:
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

m(V̇x − r · Vy) = Fx f cos δ − Fy f sin δ + Fxr

m(V̇y + r · Vx) = Fx f sin δ + Fy f cos δ + Fyr

Iz · ṙ = (Fx f sin δ + Fy f cos δ)a

+ (�Fx f cos δ+�Fy f sin δ)
tw1

2
+�Fxr

tw2

2
−Fyr b.

(2)

Axial load transfer due to acceleration is
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Fz f l = mg
b

2l
− mV̇x

hg

2l
− mV̇y

hg

tw1
· b

l

Fz f r = mg
b

2l
− mV̇x

hg

2l
+ mV̇y

hg

tw1
· b

l

Fzrl = mg
a

2l
+ mV̇x

hg

2l
− mV̇y

hg

tw2
· a

l

Fzrr = mg
a

2l
+ mV̇x

hg

2l
+ mV̇y

hg

tw2
· a

l
.

(3)

Fig. 2. Driving-force distribution strategies for DEP.

In (2) and (3), m is the mass of vehicle. Iz is the yaw
rotational inertia. Vx and Vy are the longitudinal and lateral
velocity. δ represents the steering angle of the front wheel
(positive for left turn), α in shown in Fig. 1 is the slip
angle of each tire, and r stands for the yaw rate. a and b
are corresponding to the distance from the front axle to the
center of gravity (CG) and from the rear axle to CG, and the
wheelbase is l = a + b. Front and rear tracks are tw1 and tw2.
The axle total force value Fi and the differential values �Fi

are calculated by the following equation:
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Fx f = Fx f l + Fx f r Fxr = Fxrl + Fxrr

�Fx f = Fx f l − Fx f r �Fxr = Fxrl − Fxrr

Fy f = Fy f l + Fy f r Fyr = Fyrl + Fyrr

�Fy f = Fy f l − Fy f r �Fyr = Fyrl − Fyrr .

(4)

Differential longitudinal force on each tire can generate
the direct yaw moment Md to assist the steering, and the
traditional interwheel differential can be replaced. The process
can be described in (5), in which the coaxial differential
longitudinal tire force �Fxi is related to the distribution of the
driving force. There are many distribution strategies to achieve
the direct yaw-moment control and electric differential

Md = �Fx f cos δ
tw1

2
+ �Fxr

tw2

2
. (5)

B. DEP Distribution Strategies

The leading researches [4], [15] propose a double-layer
control structure, as shown in Fig. 2. The upper layer uses
the optimal control and distributes the total driving torque
demand to keep steering stability. The lower layer adjusts
each independent powertrain torque output according to the
observed slip ratio of each wheel to fulfill the antilock braking
and antislid regulation function.

Some other distribution strategies focused on the energy
conservation, using the minimal total energy consumption of
the distributed electric motors as one of the optimal control
objectives [6]. In this paper, the ground test is done to verify
the proposed strategies. The DEP is equipped on a demon-
strator vehicle first; then, the skid-pad test is done, as well as
energy efficiency test on a rolling road with various driving
cycles. But the ground test will extend the regression test
period of control strategy and cost more money. A DEP HIL
test bench, which generates the real-time distributed dynamic
load, can accomplish a similar test.
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Fig. 3. Structure of the DEP test bench.

Fig. 4. DVRRT model.

III. TEST BENCH STRUCTURE AND REAL-TIME MODEL

A. Test Bench Structure

To achieve distributed load and illustrate the loading
method, the structure of the DEP test bench as shown
in Fig. 3 is introduced. There are four sections including DEP
under test, distributed load emulation system, data acquisition
system, and real-time control system. DEP contains two DMs
equipped with motor control units (MCU) and vehicle control
unit (VCU). Distributed load emulation system is used to
generate the real-time distributed mechanical load, including
two dynamometers and their controllers. The data acquisition
system consists of torque and speed sensors, current and
voltage sensors, power analyzer, and data acquisition system
to get the test data online and return to the real-time system.
The control system is a real-time platform of xPC. In Fig. 3,
the host computer works as a test bench monitor whose
functions are visualization of the sensor data and setting the
driving cycle, desired path, and road condition. The target
computer is the real-time control system which runs the real-
time model.

B. Driver-Vehicle-Road Real-Time Model

To accomplish an HIL test, the real-time model is nec-
essary. The driver-vehicle-road real-time (DVRRT) model is
established to create a driving cycle, driver inputs, and road
environment for DEP, as shown in Fig. 4, where the rotation
speed of wheels are ωel and ωer and the distributed torque

commands are Tel and Ter. With the only hardware (DEP)
in the loop, the real-time model is supposed to generate the
driver’s steering wheel angle δsteering and pedal input based
on the desired path and driving cycle, and emulate vehicle
dynamics and tire-road interactions.

Unlike the ground test, the DEP is in the loop, and the
VCU requires a virtual driver signal input to run the torque
distribution algorithm online. A preview driver model (intro-
duced in [16]) is established, in which the speed control adopts
an antisaturated integral PID controller, and path tracing is
achieved by the preview follow theory [17], [18].

1) Preview Driver Model: In this paper, only the electric
braking is concerned, while ignoring the friction braking. The
pedal input is a single value which combines the accelerating
pedal value and the braking pedal value. The positive input
represents the acceleration and the negative one for braking.
The input value is calculated by the following equations:

Tr =
mg sin θ + mg cos θ · f +

(
CD A
21.15v2

x

)

j
+ δm dvx

dt

R · η · G
(6)

Terror(s) = E(s) · G(s) =
(

K p + sat

(
1

Ti s

)

+ Tds

)

· E(s)

(7)

Input = Terror + Tr

Tmax
(8)

where Tr is the overall resistance transmitted to the powertrain
system. m is vehicle mass; g is gravity constant. O is road
gradient. f is road rolling resistance coefficient. CD is the air
dynamic coefficient, 21.15 is a constant related to air density.
A is the vehicle front area. vx is vehicle longitudinal speed. δ
is the mass coefficient after considering the rotational inertia.
η is the powertrain mechanical coefficient. G is the gear
ratio. R is the wheel rotational radius. K p, Ti , and Td are
the parameters of the PID controller. The sat( ) means the
saturation value. E is the speed error. G(s) is the transfer
function of the PID controller. Terror is the torque output of the
PID controller. Tmax is the maximum torque output capacity
of the electric motor under current speed.

Under extreme conditions, the limitation of powertrain
system’s maximum output or tire-road adhesion can lead to
a huge gap between the virtual speed and the reference speed
[19], [20]. As a result, the integral section accumulates the
error and overreacts, returning an unreasonable value which
is different from a human driver’s behavior. The saturation
function sat( ) is introduced into the PID controller to solve
this issue.

The driver model in the traditional HIL test bench for single
powertrain EV does not contain a steering function. However,
the steering maneuvers are a typical work condition for DEP,
and steering wheel angle is also required by the distribu-
tion law. The steering function is inevitable for this driver
model. Preview follow theory [17] is adopted to generate the
appropriate steering angle which is briefly introduced in this
paper (refer to [17] for more detail). The scan method is
used to find the preview point shown in Fig. 5(a) [17]. T
is the preview time. The driver model [Fig. 5(b)] calculates
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Fig. 5. Preview driver model. (a) Preview-follow theory. (b) Structure of the
driver model’s algorithm.

the desired acceleration in the y-direction (a∗
y) according to

�y, as

a∗
y = 2

T 2 (�y − vy T ). (9)

To get a weak understeer character, the steering gain is
decided by

Gay = V 2
x

l + kV 2
x

(10)

where l is the wheelbase. k is the understeer parameter (k > 0).
The desired steering wheel angle input δsteering is calculated as

δsteering = a∗
y

Gay
· isteering (11)

where isteering is the steering ratio.
2) Vehicle Dynamics Model G7-d-Vehicle: The hardware

is electric motors of DEP on the bench. The whole vehicle
is a virtual model running in the real-time system. The
longitudinal, lateral, and yaw motions of the vehicle body are
shown in (2)–(5). The longitudinal speed of each wheel hub
Vwi can be calculated as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

Vw f l =
(

Vx − tw1

2
r

)

cos δ + (Vy + ar) sin δ

Vw f r =
(

Vx + tw1

2
r

)

cos δ + (Vy + ar) sin δ

Vwrl = Vx − tw2

2
r

Vwrr = Vx + tw2

2
r.

(12)

The slip ratio of each wheel λi follows:

λi = wi R − Vwi

Vwi
. (13)

3) Tire Model Gtires: Tire-road interactions are also con-
tained in the model. The Dugoff tire model which is widely
used as theoretical model is applied to the DVRRT model. It is
simplified as

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ϕi = μFzi (1 − λi )

2
√

(Cxiλi )2 + (Cyi tan αi )2

f (ϕi ) =
{

(2 − ϕi )ϕi ϕi ≤ 1

ϕi ϕi > 1

(14)

⎧
⎪⎪⎨

⎪⎪⎩

Fxi = Cxi
λi

1 − λi
f (ϕi )

Fyi = Cyi
tan(αi )λi

1 − λi
f (ϕi )

(15)

where λi is the tire slip ratio. Cxi is the tire longitudinal
stiffness. Cyi is the cornering stiffness. ϕi is the active factor.
The piecewise function f (ϕi ) is related to the active factor.
Based on f (ϕi ), the longitudinal and lateral forces Fxi and
Fyi of the tire can be calculated in (15).

IV. DYNAMIC DISTRIBUTED LOAD CONTROL METHOD

A. Theoretical Load of DEP

The conventional EV load on dynamometer consists of
resistance TR and inertia emulating Jeω̇. Regarding the vehicle
as 2 degree of freedom body, the kinetic energy E consists of
the rotational parts and forward parts, as

E = 1

2
mv2

x + 1

2

2∑

k=1

Jk

2
k 
1 = vx

Rw

2 = G
1 (16)

where Jk is the rotational inertia of each rolling parts on
vehicle which rotation speed is 
k . vx is the longitudinal
speed. 
1 is the low rotation speed (wheel speed). 
2 is the
high rotation speed (motor speed), and G is the gear ratio.

The energy consumption of the dynamometer should be
equal to the vehicle kinetic energy. The equivalent rotational
inertia Je is deduced by

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1

2
Je


2
2 = 1

2
mv2

x + 1

2

2∑

k=1

Jk

2
k

Je = m R2
w

G2 + J1

G2 + J2 
2 = G
1 = G
vx

Rw
.

(17)

The resistance force Fr is shown as

Fr = mg sin θ + mg cos θ · f + CD A

21.15
v2

x + δm
dvx

dt
. (18)

According to (18), the resistance torque transmitted to the
DEP is

TR = FR Rw

ηG
. (19)

The total load of the two DEP dynamometers is
calculated by

Td = jeω̇ + TR = Tdl + Tdr (20)
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Fig. 6. Speed-tracking method for test bench control.

Nevertheless, like the DEP distribution of driving torque, the
load should also be distributed to the individual dynamometer
(Tdl and Tdr ). The distribution of load is related to the yaw
motion. Simplified by (2), we get (21). The simplification
is based on several assumptions and approximations. The
two sideslip angles of the driving wheel are approximately
the same. So, the lateral forces of the two front wheels are
approximately equal to Fy f l ≈ Fy f r

ηG(Tdr − Tdl)
tw1

2Rw
= Iz · ṙ − (Fy f l + Fy f r ) cos δa

+(Fyrl + Fyrr )b − (T · R − Fr ) sin δa. (21)

Combined (20) and (21), the load of the bilateral
dynamometers should be distributed according to the following
equation:
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Tdr = 1

2

(

Jeω̇ + FR Rw

ηG

)

+ Rw

tw1ηG
(Iz · ṙ − (Fy f l + Fy f r )

× cos δa + (Fyrl + Fyrr )b − (T · R − Fr ) sin δa)

Tdl = 1

2

(

Jeω̇ + FR Rw

ηG

)

− Rw

tw1ηG
(Iz · ṙ − (Fy f l + Fy f r )

cos δa + (Fyrl + Fyrr )b − (T · R − Fr ) sin δa).

(22)

B. Predictive Speed-Tracking Control Method

The theoretical distributed load has the derivation of the
yaw rate r and lateral tire force Fyi which does not actually
exist in the HIL test. It is hard to estimate in the real time.
The predictive speed-tracking control method is proposed to
generate the equivalent dynamic distributed load for DEP. The
basic idea of the speed-tracking method for bench control is
that it makes that the DEP on bench operates at the same
rotation speed as the one equipped on the vehicle in the real
road test.

The speed-tracking method is shown in Fig. 6. VCU’s
torque distribution command (T̄el and T̄er) are received simul-
taneously by the real-time system and the MCU of DEP.
The DVRRT model mentioned above predicts the rotation
speed of each individual motor shaft in the next sample time.
The predictive speed is used as a reference speed for the
dynamometer speed control. Since the test bench structure is
completely symmetrical, it is only necessary to analyze the

Fig. 7. Structure of SNPI controller with RBF identification (SNPI-RBF).

bench dynamics of one side. The rotational inertia of DM and
dynamometer are Jm and Jd . ωm and ωd are the rotation speed.
Tm and Td are the electric torques. K and D are the stiffness
and damping of the whole shaft and coupling module. Torque
transmitted on the shaft is Tshaft which is detected by sensors
as Tsensor.

C. Single-Neuron PI Control Method With Radial Basis
Function Identification

1) Structure of Single-Neuron PI Controller: The
dynamometer is a permanent magnet synchronous
motor (PMSM) which is nonlinear, and the DEP torque
output can be regarded as an interference for dynamometer
speed control. A PI controller is established, in which PI gains
are tuned online by a single neuron based on the radial basis
function (RBF) network identification. The control method is
stable, robust, and real time, which meet the requirements of
the speed-tracking control.

The single-neuron PI (SNPI) controller combines the arti-
ficial neuron with the traditional PI controller. The structure
of the SNPI controller was introduced in detail in [21]. The
input of the proportional section xcp is the speed error e(k),
while the integral section input xci is the integration of e(k)
where ts is the sample time, shown as

⎧
⎪⎪⎨

⎪⎪⎩

xcp(k) = e(k)

xci (k) =
k∑

k=1

ts · e(k).
(23)

The structure of the SNPI controller is shown in Fig. 7. The
single-neuron controller tunes the PI gains dynamically which
is stated in the following equation:
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

E = 1

2
e(k)2 = 1

2
(yrout(k) − yout(k))2

�K p(k) = −η
∂ E

∂K p
= −η

∂ E

∂y

∂y

∂u

∂u

∂K p
= ηe(k)

∂y

∂u
xcp(k)

�Ki (k) = −η
∂ E

∂Ki
= −η

∂ E

∂y

∂y

∂u

∂u

∂Ki
= ηe(k)

∂y

∂u
xci (k)

u(k) = K p(k)xcp(k) + Ki (k)xci (k)

(24)

where u(k) is the control output. K p and Ki are the PI gains
as well as the weights of neuron inputs. η is the learning rate.
Excessive error input e(k) causes the tuning algorithm not to
converge. As a result, when the speed error e(k) is larger than
10 r/min, the online tuning iteration is locked, and the PI gains
K p and Ki are directly inherited.
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2) RBF Neuron Network Identification: The RBF neuron
network introduced in [22] and [23] is used to identify dy/du.
RBF defines a scalar function that describes the nonlinearity
of a low-dimensional system by the Euclidean distance from
any point in a multidimensional space to a given center. The
input vector is X . The radial basis vector of a N-D input with
M-D hidden layer network is H .

h j is the Gaussian function that identifies the j node of the
network hidden layer as

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

X = [x1 x2 · · · xn]T

H = [h1 · · · h j · · · hm]T

h j = exp

(

−‖X−C j‖2

2b2
j

)

C j = [c j1 · · · c j i · · · c jn]T

(25)

where b j is the base width of the j node. C j is the center
co-ordinate of the j node.

Hidden layer base-width vector is B . The weight vector of
output layer is W . The output of the RBF network is ym . The
performance index evaluation function for network iterative
learning is Jj , as

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

B = [b1 b2 · · · bm]T

W = [w1 w2 · · · wm]T

ym(k) = w1h1 + w2h2 + · · · + wmhm

Jj = 1

2
(yout(k) − ym(k))2.

(26)

B, C j , and W are iteratively updated according to a gradient
descent learning algorithm, as

w j (k) = w j (k − 1) + ηrbf(yout(k) − ym(k))h j

+ α(w j (k − 1) − w j (k − 2)) (27)
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

�b j = (yout(k) − ym(k))w j h j
‖X − C j‖2

b3
j

b j (k) = b j (k − 1) + ηrbf�b j + α(b j (k − 1) − b j (k − 2))

�c j i = (yout(k) − ym(k))w j
x j − C ji

b2
j

c j i(k) = c j i (k − 1)+ηrbf�c j i +α(c j i (k − 1) − c j i (k − 2)).

(28)

The learning rate ηrbf ranges from 0 to 1. Inherited coef-
ficient α ranges from 0 to 1. Identification of the test bench
system Jacobian matrix is shown as

δy(k)

δu(k)
≈ δym(k)

δu(k)
=

m∑

j=1

δw j h j

δu(k)
=

m∑

j=1

w j h j
c j i − x1

b2
j

(29)

D. Maximum Adhesion Limitation

The maximum adhesion of the road surface is the maximum
load that the test bench should provide. Exceeding this torque,
the tire starts sliding, and the vehicle becomes unstable. Unlike
single-motor powertrain test, DEP test bench requires the
precise determination of the maximum adhesion of each drive
wheel. The maximum adhesion of each tire Fxi−max depends

Fig. 8. Physical simulation model of DEP test bench in Simulink.

on the distribution of vertical loads Fzi and adhesion ratio.
It is calculated according to

Fxi−max = μFzi (30)

where μ is the adhesion coefficient.
When the wheel begins to slide, the rotation speed of each

wheel changes fast, and the rotation speed of the wheel and
DEP does not have a definite relationship with the vehicle
speed. The inertia of them should be emulated by the test
bench, with a special concern. The speed-tracking control
method cannot generate the dynamic load accurately with the
rapidly changing speed reference. As a result, the maximum
adhesion saturation function is added to the dynamic load con-
trol algorithm. Dynamic relations as in (31) are always existed
in the sliding process. Assuming that the DEP transmission on
each side is a single-stage gearbox which transmission ratio
is G, there are two parts in the DEP driveline with different
rotation speeds. One part rotates at low speed 
1 and inertia
J1, including wheel, half-shaft, and driven gear. Another part
rotates at high speed 
2 and inertia J2, including input shaft
and drive gear

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

J1
̇1 = T1 − Fxi−max Rw

Tload1 = − T1

G
J2
̇2 = T2 − Tload1


̇2 = G
̇1.

(31)

The threshold value of the maximum adhesion saturation
function is Tload as

Tload =
(

J1

G2 + J2

)


̇ + Fxi−max Rw

G
. (32)

V. SIMULATION AND EXPERIMENT OF DEP TEST

BENCH UNDER CONDITIONS

A. Simulation Model for DEP Test Bench

The proposed DEP test bench and the control method
are established and simulated. Simulation model is shown
in Fig. 8.

The parameters of the vehicle and the test bench are shown
in Tables I–III. The simulation conditions include a double-
lane change (DLC) with constant speed reference (20 km/h),
sliding condition during a steering maneuver on the bisectional
roads, and a typical driving cycle condition.
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TABLE I

SIMULATION PARAMETERS FOR DVRRT
MODEL IN SIMULINK

B. Simulation Results

1) DLC Condition: The simulation result is shown in Fig. 9.
The test bench physics model including PMSM block pro-
vided in MATLAB/Simulink is used. The proposed SNPI-
RBF controller is compared with another advanced PMSM
speed control algorithm [24] which uses the sliding mode
control (SMC) method. The given path and the trajectory
are shown in Fig. 9(a). The maximum lateral deviation is
0.25 m. The driver model generates an appropriate steering
angle during this process. Both the steering angle and the
longitudinal/lateral displacement are shown in Fig. 9(b). The
proposed DVRRT model is proven to provide a suitable real-
time DLC working condition for the DEP in the loop.

The physics model of the test bench is controlled by the
proposed dynamic loading method. In Fig. 9(c), the simulated

TABLE II

SIMULATION PARAMETERS OF THE TEST BENCH
PHYSICS MODEL IN SIMULINK

TABLE III

SNPI-RBF CONTROL PARAMETERS

speeds of dynamometers controlled by different methods
(SMC and SNPI-RBF) are compared with the theoretical
speed of the distributed DMs. The predictive speed-tracking
control method shows a good performance which makes the
distribute DM under test work at the actual speed in ground
test. Compared with the SMC method, the SNPI-RBF method
shows an advantage in reducing speed fluctuation. In Fig. 9(d),
the dynamic loads generated by the dynamometers controlled
by different methods are compared with the theoretical DEP
loads calculated by (22). Dynamic loads of the SNPI-RBF
method can track theoretical values, but dynamometers’ torque
output has 1-Nm ripple. In contrast, the SMC method cannot
generate the accurate dynamic load. In SNPI-RBF, the PI gains
are tuned by the single-neuron online, as shown in Fig. 9(e),
the tuning tendency conforms to the theory, in which the
optimal integrate gain KI is related to PMSM speed and the
proportion gain K P keep increasing and converge gradually
during the process. The RBF identification of the test bench
system gain dy/du is also shown in Fig. 9(e).

2) Sliding Condition: In order to verify if the test bench can
generate the accurate dynamic load under sliding conditions,
the road is set as a bisectional road, in which the ground
adhesion coefficient of the left side is reduced from 0.4 to
0.03 at the range of 40–80 m, as shown in Fig. 10(a). In this
case, one driving wheel’s tire force exceeds the maximum
adhesion during the cornering process, and that wheel begins
to slide. An antisliding control method is added to the torque
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Fig. 9. Simulation results for the DEP test bench under DLC condition.
(a) Track. (b) Longitudinal/lateral displacement and steering angle of front
wheels. (c) Speed of the dynamometers on DEP test bench. (d) Dynamic load
generated by the dynamometers. (e) PI gains of test bench controller and RBF
identification results.

distribution algorithm of VCU which keeps the slip ratio under
0.2. The proposed maximum adhesion limitation of the bench
control strategy is enabled under this condition. Simulation
results are also shown. In Fig. 10(b), the simulated bench

Fig. 10. Simulation results for the DEP test bench under sliding condition.
(a) Steering maneuver on a bisectional road. (b) Speed of the DMs equipped
on the driving wheels. (c) Load of the DMs equipped on the driving wheels.
(d) Maximum adhesion limitation and each component of the load.

speed follows the theoretical speed of the DM under sliding
condition. The speed error of the proposed test bench control
method is 1%. In Fig. 10(c), the dynamic load generated by the
dynamometer is equal to the theoretical load on the DM under
the sliding condition, loading accuracy is 1.5 Nm, with ±2-Nm
torque ripple. When the tire drives from the low adhesion
surface to the high adhesion surface, the sliding wheel decel-
erates dramatically. It causes the peak of the DM load shown
in Fig. 10(c). The whole sliding process of DEP is emulated
on the test bench. Fig. 10(d) shows the maximum adhesion
limitation during the whole process, the overall load acts on the
sliding-side DM and the individual parts of the dynamometer
torque command corresponding to (32) (inertia emulation
part: ((J1/G2) + J2)
̇ and resistance part: (Fxi−max Rw/G)).
The resistance part is limited by the maximum adhesion.
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Fig. 11. Simulation results for the DEP test bench under driving cycle.
(a) Speed of the dynamometers on the DEP test bench. (b) Dynamic load
generated by the dynamometers. (c) PI gains of test bench controller and
RBF identification results.

Fig. 12. One side of the experiment DEP test bench.

The simulation result shows that the maximum adhesion
limitation in the test bench control method can generate the
accurate dynamic load under sliding conditions.

3) Driving Cycle Condition: Considering the general work
condition of the DEP, a driving cycle attached with lane
changes from 28 to 55 s is set as the work condition. The
simulation results are shown in Fig. 11. The bench speed and
the dynamic load generated by the dynamometers match the

Fig. 13. Comparison of the experiment results and Carsim simulation results
with the same DLC process. (a) Track. (b) Rotation speed of test bench.
(c) Steering inputs of different driver models. (d) Dynamic load output of the
DEP test bench. (e) Mechanical work. (f) Instantaneous mechanical power.

theoretical speed and load of two independent DMs during
the entire cycle. The PI gains are tuned online to adapt the
dynamic work condition, as shown in Fig. 11(c). During the
differential steering process, the conditions of two independent
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DMs are different, and the optimal PI gains are tuned dif-
ferently. When the speed drops dramatically, Ki decreases
to 0, and K p increases to the maximum value, PI control
degenerates into the proportional control. RBF identification of
dy/du during the whole cycle is also shown. The result shows
the proposed neuron PI speed-tracking test bench control
method can provide a virtual real-time testing environment
for DEP on bench. Under different work conditions, dy/du of
the bench system is identified by the RBF neuron network,
and PI gains are tuned online.

C. Experiment

1) Test Bench: Fig. 12 shows one side of the experiment
DEP test bench controlled by the proposed speed-tracking
method, including two PMSMs working as dynamometer and
DM, respectively.

The same vehicle dynamic process (DLC) is implemented
by the cosimulation of MATLAB/Simulink and Carsim to
replace the ground test experiment and get the real dynamic
load on each DM during the DLC condition, which is used to
verify the generated load.

2) Results Analysis: The experiment results are shown
in Fig. 13. The DLC trajectory of the DVRRT model run-
ning in the test bench control real-time system is shown
in Fig. 13(a). In Fig. 13(b), the experiment rotation speed
of the DMs under test (measured by the rotary encoder) is
compared with each DM’s rotation speed (cosimulation). The
results verify that the DEP tested on bench is under the equal
speed with the one in the real road test during the DLC
process, and the speed control accuracy is up to 98%. The
steering angles given by the Carsim driver model and the
DVRRT’s driver model are compared in Fig. 13(c). The longi-
tudinal force on each tire during the DLC process is obtained
by the Simulink/Carsim cosimulation, and converts to the load
(torque) on each DM. The generated load which is measured
by the torque sensor on the bench is compared with it shown
in Fig. 13(d). Matching these two curves and analyzing the
corresponding feature points, the overlap ratio of the two loads
is over 93% with a time delay. The difference between the sim-
ulation load and experimental measurement is mainly caused
by different steering angle input given by the driver model in
Carsim and proposed DVRRT model. To do the efficiency test
for DEP, the accuracy of the energy consumption measurement
is important. In Fig. 13(e), the experiment mechanical work
of the two independent DMs of DEP is 0.00815 and 0.0082
Kw·h, respectively. The mechanical energy consumption of
DMs (cosimulation) is 0.00795 and 0.0080 Kwh, respectively.
The measured mechanical energy is accurate (97.5%, the error
between the measured one and the theoretical value is less than
2.5%). The instantaneous mechanical power is also shown
and compared in Fig. 13(f), the measurement instantaneous
mechanical power is unstable because of the ripples of the
dynamometers’ speed and torque output [25].

VI. CONCLUSION

A novel control method is proposed for the DEP test
bench. It provides a real-time dynamic load for each DM

of DEP. Based on the novel bench structure, the equivalent
load is generated by the DVRRT model speed prediction and
dynamometers’ speed-tracking control method. The maximum
adhesion limitation and RBF identification neuron PI for
dynamometer control are illustrated. Vehicle dynamics and
the theoretical dynamic load of the DEP is calculated and
compared with the generated real-time load of the proposed
method. Simulations and experiment are done to verify the
performance of the proposed speed-tracking control method
and draw the following conclusion.

1) A virtual test environment is created by the proposed
control method. The dynamic load and rotation speed of
the independent DMs of DEP are equal to the theoretical
one in the real road test. The dynamometers’ speed
control method is effective with a high accuracy, and
the dynamic distribute loads are precisely emulated by
the test bench. A ripple and time delay exist in the
dynamometer output both in simulation and experiment,
which depends on the torque response of dynamometers.

2) Some typical driving conditions of the DEP includ-
ing steering maneuvers, sliding, and driving cycle can
be reproduced and tested. The dynamometers’ control
parameters (PI gains) can be tuned online by the neu-
ron based on the RBF identification to optimize the
dynamometers’ response performance.

In the future, the principle between the time delay of the
real-time dynamic loading and the control strategy of the
test bench will be studied. The experimental comparison of
different dynamometers’ speed controllers will be done.
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