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ABSTRACT: For electrified vehicles, a torque vectoring differential (TVD) with a two-motor-torque difference amplifica-
tion mechanism (TDA-TVD) has been proposed and it generates a greater torque difference. However, due to the complex
driving force transmission system including planetary gears and driveshafts, TDA-TVD has problems with the vibration of
both the driveshaft torque and the yaw rate while differential torque is generated. To deal with this issue, this study analyzes
TDA-TVD in frequency domain and also propose a novel modeling method to construct vibration suppression controllers
that deal with both longitudinal motion and yaw motion simultaneously. First, this paper shows a theoretical frequency do-
main analysis using matrices and obtain resonance frequencies of TDA-TVD. Second, TDA-TVD is modeled based on a
summation-differential mode transformation. Third, simulations and experimental evaluations of vibration suppression using
areal vehicle with the TDA-TVD are demonstrated.

KEY WORDS: Electric Vehicle, Motor Drive System, Two-Input-Two-Output System, Vibration Suppression, Decoupling
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Nomenclature the critical region, due to the decreased traction of the inner

wheels caused by the load transfer.
. A TVD with a two-motor-torque difference amplification
]\f Effe::f;iizizdms mechar?ism (TDA—TVD) has be(?n propos(idﬁ)in order to incrf.:ase
T T Ta Wheol Motor. snd Nominal load rtia the available n}ammum torque dlfferer}ce . TDA—TVD drives
e Primary reduction gear ratio tv4v0 wheels \iVlth two m(?tors, but }mhke conventional IWD.ve-
b1 b Equivalent secondary reduction gear ratio hicles, there is ?1 me_zchanlcal coupling between t'he left anfi right
K. Stitfnoss of driveshaft wheels as seen in Fig. 1. Therefore, TDA-TVD is categorized as
Do Dar, Dr. Damping factor of driveshaft, motor, and wheel the two—ipput—two—output drive system. Thanks to the .mechani—
Trynt Input motor torque (R: right side, L: left side) cal coupling, TDA-TYD can generates greater torque dlfferf?nces
Tr(z)pm  Input motor torque after primary gear reduction between the left and right wheels c_ompared to the conventional
Trizym Transmitted mofor torque (o planctary gears IWD system with the same electric traction motor. However,
Tr(Lyin Input motor torque converted to driveshaft side while TDA-TVD has the same advantages as the TVD, it has
Tr(zyds Driveshaft torque after secondary gear reduction relatively complex mechanical components, including planetary
TrL)L Load torque gears, reduction gears, and driveshafts. This leads to undesir-
WR(L)M Motor side angular speed before gear reduction able vibrations of the driveshaft torque on the wheels and yaw
WR(Lym Motor side angular speed after gear reduction rate vibration while cornering with its torque vectoring system
WR(L)ds Driveshaft side angular speed in function. The previous study “ ® did not derive the dynamic
WR(L)L Wheel angular speed model of TDA-TVD that describes its anticipated vibrations of
A slip ratio the driveshaft torque and yaw motion. These problems limit the

1. Introduction

Torque vectoring differential (TVD) is a device that controls
direct yaw moment by generating a torque difference between
the left and right wheels. TVD has the advantage to improve
the cornering performance by actively controlling the yaw mo-
ment® @ ©®

For that reason, some electric vehicles adopt individual-wheel-
drive (IWD) systems (either with on-board or in wheel motor)
and a lot of torque vectoring or distribution algorithms have been
studied® . However, available maximum torque difference and
direct yaw moment decrease when the vehicle is at high speed,
and the same problem occurs when the vehicle is cornering near

performance of TDA-TVD and must be solved.

To deal with this issue, a previous study derived a linearized
model of TDA-TVD and designed a vibration suppression feed-
forward controller®. The derived linearized model assumed a
constant load model (when vehicle is going on straight paths),
which does not guarantee its performance for any situations (e.g.,
cornering). Furthermore, the parameter tuning of the vibration
suppression controller was based on time-domain analysis (i.e.,
waveform of measured driveshaft torque).

On the other hand, this study first analyzes TDA-TVD in the
frequency domain in detail, clarifying resonance frequencies and
corresponding vibration modes. Second, this study proposes a
novel linearized model of TDA-TVD that well describes the lon-
gitudinal motion and yaw motion using a coordinate transforma-
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Fig.1 Schematic diagram of TDA-TVD ©.
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Fig.2 Speed diagram of TDA-TVD.

Fig.3 Block diagrams of linearized normal model of
TDA-TVD.

tion. By doing this, a frequency domain analysis of the real hard-
ware of TDA-TVD will be much easier. Furthermore, the drive-
shaft torque vibration of the longitudinal and yaw modes could be
effectively mitigated by designing controllers for the correspond-
ing modes.

2. Dynamic model of TDA-TVD

Several types of TDA-TVD have been proposed by Sawase ¥
®. As an example of those, a schematic diagram of TDA-TVD
is shown in Fig. 1. Regardless of the difference of the types of
TDA-TVD, the major function of differential torque amplifica-
tion can be represented using b and b as shown in Fig. 2?. In
the figure, b; and b2 are the equivalent secondary reduction gear
ratios determined by each gear of the planetary gears. b; and b
are designed to be as equal as possible. From these two figures,
the group of the authors derived a dynamic model of TDA-TVD
as shown in Fig. 3®, which is called normal mode in this paper.

The previously proposed normal mode modeling requires rel-
atively complex additional controller to suppress the vibration
since there are two resonance modes.

2.1. Derivation of Dynamic Model of TDA-TVD on Normal
Mode

In Fig. 3, motor torque and angular speeds are chosen as inputs
and outputs, but converted to the driveshaft side (for example, the
input motor torque Tz is converted to a driveshaft side torque
input T4, which is shown in (5) ). This is convenient to control
the driveshaft side angular wheel speed wg(ryqs and driveshaft
torque Tr(L)ds-

In the previous study, vectors and matrices are partly used to
derive the dynamic model of TDA-TVD, but in this study, they
are fully employed for simpler and more organized representa-
tion. The following three equations represent the dynamics of the
left and right wheels, motors, and driveshafts as follows

wr = P (Tqs —T1) (1)

Wds = B71G71PMG71(BT)71(T1‘” —Tas) 2)

Tas = Pas (wds - wL) 3)
where

_ (wrrL Wrdas Trr Tras
(W was T Tas)= (wLL wrds TrL TRd5>(4)

T;n = BGTn\ ()
TRin _ bo+1  —bs Gr O Trm
Trin —b1 bi+1 0 Gr) \Tm

was = B"'Gwnr (6)

_r 0
P = JRLSSDRL X @)
JrrstDrrp
. r 0
Py = JRJVISa‘DRM 1 (8)
Jrms+Dra
_ DRS + Kf's O

The differential amplitude, which is the unique function of TDA-
TVD, is represented by an only non-diagonal matrix B. From the
three equations, the block diagrams could be obtained as shown
in Fig. 3.

2.2. Derivation of Linear Model of TDA-TVD on Normal Mode
The previous study ® delivered a linearized normal model by
assuming Trr, = Trr = 0and Jrr, = Jorp = Juw + TQM/2,
i.e., which is in the case the vehicle is proceeding on straight paths
and the wheels are not slipping. From the linearized model (i.e.
linear load model as shown above), transfer functions of TDA-
TVD could be also represented by matrices effectively. From the
equations (1), (2), and (3), we have the following equation

T —1 —1 -1
Ty = [B GP,,'GB(P,, +PL)+E2] Tin (10)

Tras  Trds
= (%i{; %) Tin = (g“ g”) Ti (1)
Trin  Trim g21  g22

where Fo is an 2x2 identity matrix. Each component of
the matrix above is the transfer function between Tr(r);, and
Tr(r)as- These matrices representation can handle different left
and right side parameters, but for the practicality, they are de-
signed to be as equal as possible.

Now we assume all the left and right side parameters except for
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b1 and by are equal (e.g., Gr = G = G, Krs = Krs = K,
etc.). In that case, G, Pgs, Pnr, and Pr, become scalars. The
above equation will become

Tas=[XZ+ E;] ' T; (12)
where
Z11 Zi2 T
Z = =B'B 13
<Z21 Z22) (13)

( (ba + 1) + b7

b2 —b—b2—b
B bi—B b (14 2)’(14)

(by +1)% + 3
and
X =G°Py (P, + Pr) (15)

_ G?(Jas + Du)[Jrs® 4+ (Dr + Ds)s + K _ Xn
(JLS+DL)(DSS+KS) X4

Now we get the following equation

Xa (Z22Xn + Xa —XnZ12
T s = — Tzn 1
d Y ( —XnZ2 Z11Xn + Xd) (16)
_ (911 G12 T
g21 g22)
where
Y = X2 Z| 4+ XnXa(Z11 + Zo2) + Xa (17)
1Z| = (b1 + b2 + 1) (18)
Z11 4 Zoa = b + by + b5+ ba + 1. (19)

In addition, for the later use, the following parameters are defined.

Jin o Jiz2 2
J = =G"JuZ 20
(T 2) = e 0)

Since left and right sides of TDA-TVD are 1DOF systems,
WRds>» WRL, L rRds have one-to-one-one relationships each other,
which is given by the following equations (the same goes for be-
tween wrds, WL, T'rds),

Jus® + (DL + Ds)s + K

.= T 21

“ds = T Jrs+ D1)(Des + Ka) ° @
1

-t 7. 2

wr Ts+ D, L@ (22)

we can also obtain the transfer functions with the driveshaft-side
angular frequency or wheel speed frequency being outputs (i.e.,
%, "’T’;). By also using (5) and (6), we can derive other transfer
functions such as ;—A"j
3. Dynamic Model of TDA-TVD with
Summation-Differential Mode Transformation

The previous approach requires the decoupling compensator.
Not only it makes the overall controller architecture more com-
plex, but also the linearized model does not effectively consider
the yaw motion, which varies the apparent load inertia. Since the
behavior of the vehicle is drastically different in the both cases, it
is better to construct the dynamic model of the each state respec-
tively and their corresponding controllers. We define a summa-
tion mode in which the vehicle is translating, and a differential
mode in which the vehicle is rotating in the yaw axis. The idea of
coordinate transformation can be seen on®, where mathematical
operation makes it easier to handle seemingly complex plants.

3.1. Derivation of Dynamic Model of TDA-TVD with SDMT

(2) can be simplified by assuming the left and right side param-
eters are equal to each other (except for by # b2) as follows

was = G Py Z  (Tin — Tas) (23)

From the above equation, it is clear that the both input torques
Trin and Tiy, affect to the output angular speed wr,qs and wrys,
since the matrix Z ™ is not diagonal, which is also visible in the
coupling blocks in the block diagrams of TDA-TVD. If we could
make this matrix diagonal by certain proper coordinate transfor-
mation, we can decouple the two of 1DOF systems.

Fundamentally, TDA-TVD is a device that further amplifies
differential torque inputs. Therefore, it is natural to decouple the
systems in two modes; summation and differential modes, where
equal and differential input torques are applied to the left and
right side wheels. In order to convert a dynamic model of TDA-
TVD by summation-differential mode transformation (SMDT),
we need to multiply a coordinate transformation matrix A to each
of input and output parameters, which is given by

1/1 1
A:§<1 71>. @4)

Load side dynamics are easy to perform the SMDT because there
is no couplings between left and right systems.
Now, we would like to multiply (23) by A and it is given by

Awge = AG ?Py Z " (Tin — Taa) 25)
= G °PuCA(T — Tas) (26)

WSsds —2 TS’L"IL - TSds
= Py, 27
(was> G PuC (TDm - TDds) @n

where C is a certain diagonal matrix to obtain. If we assume
b1 = b2 ~b= (b1 +b2)/2,

|Z| = 4b> +4b+ 1 = (2b+ 1)* (28)
= (b1 +b2+ 1)2
Zh1 — Z12 = Zaz2 — Zo1 (29)

= (20° +2b 4 1) — (—2b% — 2b)
= 40> +4b+1=|Z|

Z11 + Z12 = Zaa + Zoy (30)
= (2% +2b+ 1) + (—2b° —2b) = 1

therefore,

1 0 1 0
1Z] (b1+b2+1)2

The above equation is a diagonal matrix, which means that the
each mode is decoupled from each other.

Now we have the block diagram of TDA-TVD in both the sum-
mation and differential modes as shown in Fig. 4(a) and Fig. 4(b).
The unique feature of the torque differential amplification only
appears on the differential mode and not on the summation mode,
which agrees with the intended function of TDA-TVD.

3.2. Derivation of Linear Model of TDA-TVD on Summation
Mode

A linearization of the dynamic model of TDA-TVD on sum-

mation and differential modes is required to construct controllers.
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Fig.4 Block diagrams of linearized normal model of
TDA-TVD.

Fig.5 Accelerating vehicle.

The linearization here means the load torque 77, is solely deter-
mined by the input torque 77, so that 77, can be replaced by an
equivalent load side dynamics. On the summation mode, we con-
sider the vehicle accelerating on straight paths as shown in Fig.
5.

We have the following equations to describe the acceleration
of the wheels and vehicle

- (Tsas—T 2
WSL Jos 1 Dy (Tsa SL) (32)
Tsy =rFsq: (33)

2
Vi LS 34
Vsr = rwst (35)
Vs — Ve
Ag = ——— 36
S VSL y ( )

where V is the longitudinal vehicle body speed and Ag is the
summation slip ratio. From these equations, we get the transfer
function of the linear model as follows

wsL 1 Tsas

Tsas (Jw+T2M(1—As)/2)S—|—DL - Jsrs+ Dy,

where Jg, is the equivalent load inertia on the summation mode.
The block diagram of the linearized model of TDA-TVD on the
summation mode is shown in Fig. 6. In the figure, the motor in-
ertia and viscosity on the summation mode Jsas and Dgys are
given by

Jsu = G*Ju (38)
Dsar = G*Day. (39)

Some of transfer functions of this summation mode are given by

,(37)

1
Js1 s+ Dy wsy,
K.
TSdS ?5+D5 n
TSin — T Wsds
+ Usus + Dsy |

Fig.6 Block diagram of linearized TDA-TVD in
summation mode.

4 N\
V
Yaw ratey
Yaw inertial
Vrl Vrr
_TDL TDA- TDds
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J
Fig.7 Rotating vehicle.
Tsas _ (JsLs+ Dr)(Dss + K) 40)
Tsin c383+c282+c15+co
Wsds _ Jsrs® 4+ (D + Ds)s + K @n
Tsin c383+cas82+c15+co
wsrL Dgss+ K
= 42
Tsin c3834ca82+c1s+co “2)
c3 = JsmJst (43)
c2 = Jsm(Dr + Ds) + Jsn.(Dsm + Ds)
c1 =DsmDr+DsyDs+DrDs (44)
+Ks(Jsm+JsL)

co = (Dsm+Dr)Ks

3.3. Derivation of Linear Model of TDA-TVD on Differential
Mode
On the differential mode, we consider the rotating vehicle as
shown in Fig. 7. The left and right wheel have the different lon-
gitudinal vehicle speed from the longitudinal vehicle body speed
V2 due to the yaw rate v, which is given by

d

d

Therefore, a differential longitudinal vehicle speed between the
left and right wheels Vp, is given by

_ V'r'rz - ‘/trlm _ g
Vpe = 5 =37 “47

With the equation above, we can define the differential slip ratio
Ap as follows

Ap = TwpL = Vbe (48)

rWwpL

Now, the yaw rate and the differential angular speed wpr, can be
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related, which is given by

r

'y:m(l—)\p)wDL. (49)

We have the following equations to describe the yaw rotation of
the wheels and vehicle

1
WpL = m (TDds - TDL) (50)
Tpr =rFpy (51)
l
Iy = —2Cyly (/3 + 9 - 6f> (52)

Iy d
ay =V (Bs+7) ©3)

Since we only considers yaw motion while on the straight paths,
05 = 0 and a, = 0hold. With these, we can derive the following
transfer function

wprL S

= 54
Tpas Jprs®?+ Dprs+ Kpr 4
92

Jpr = Ju + CTT? (1—Ap)I (55)
47’2 2 2

Dpr =DL+W(17AD) (Cflf#’CrlT) (56)

4r?
Kpi = (1= Ap) (Culy = Cily) (57)

where Jpr, Dpr, and Kpr are the equivalent load inertia,
load damping factor, and load elasticity factor on the differential
mode. If the vehicle is neutral steer (NS), then Kpr = 0 satis-
fies. The block diagram of the linearized model of TDA-TVD on
the differential mode is shown in Fig. 8. In the figure, the motor
inertia and viscosity on the differential mode Jpar and D p s are
given by

Jpm = G*(1 4 by +b2)°Ju (58)
Dpar = G*(1+ by + b2)?Day. (59)

Some of transfer functions of this differential mode of the NS
vehicle (K pr, = 0) are given by

Tpas (Jprs+ Dpr)(Dss + Ks)

Tpin - d3s3+das?2+dis+do (60)

Wpds _ Jprs® + (Dpr + Ds)s + K, 61)
Tpin dss®+das?+dis+dy

;;); - dszs3 z;i;:—[;js—i—do (62)

d3s = JpmJpr (63)

d2 = Jpm(Dpr + Ds) + Jpr.(Dpm + Ds)  (64)

di = DpuDpr+DpyuDs+DprDs (65)

+Ks(Jpm+JprL) (66)

do = (Dpm~+Dpr)Ks 67)

Naturally, the summation can be represented by the same way.
3.3.1. Infinite Load Inertia Approximation for Differential
Mode
It is convenient to consider a differential mode with an as-
sumption that load inertia is infinite and differential wheel speed
wpr = 0 because we can approximately represent the differen-
tial mode using much less parameters with descent agreement in

Wpy,

TDdS — +Ds

Tpin — Wpds

A 4

+ S + Dpy

Fig.8 Block diagram of linearized TDA-TVD in
differential mode.

Wpgs

Fig.9 Block diagram of linearized TDA-TVD in
differential mode with infinite load side inertia
approximation.

case of low speed. Therefore, we can have the following block
diagram (Fig. 9).
The transfer functions of this model are given by

Tpas o Dss+ K (68)
Tpin  Jprs?+ (Dpar + Ds)s + K
WpDds _ S (69)

Tpin  Jprs?+ (Dpm + Ds)s + K

3.4. Frequency Response Analysis of TDA-TVD on Differential
Mode

In order to evaluate the proposed linear model of TDA-TVD
on differential mode, simulations of frequency response of TDA-
TVD with a realistic vehicle model was carried out. The realistic
vehicle model contains a brush model which has a nonlinear re-
lation between the slip of the wheel and the tire force. The simu-
lated vehicle has the same parameters with the experimental vehi-
cle. Input differential torque has the amplitude of 100 Nm. Initial
vehicle speed V' is set to 10 m/s. The tire has an optimal slip ra-
tio A\p¢ of 0.1. The vehicle is assumed to be NS (or Kp1, = 0).
The realistic nonlinear model, the obtained linear vehicle model
on the differential mode and the simplified model with infinite
load side inertia are compared together. The simulated frequency
response % is shown in Fig. 10.

The proposed linear models have decent agreement with the
nonlinear vehicle model above 1Hz on the gain diagram. In that
case, the infinite load side inertia approximation model is enough
to consider the higher frequency response. However, the infinite
load side inertia approximation model has a considerable differ-
ence at the lower frequency region. Overall, the proposed linear
model on the differential mode of TDA-TVD is reasonable to em-
ulate the real hardware.

The simulated frequency response ;gjj is shown in Fig. 11.
In this figure, the realistic nonlinear model, the obtained linear
model on the differential mode and the same linear model with
the assumption Kpr, = 0, Dpr, = Dy. The latter linear model
is convenient to design a joint torque vibration suppression con-
troller since no parameters related to the tire are needed and there-
fore also compared here.

Except for the difference of the peak amplitude at the reso-
nance frequency around 2Hz, the both linear models have decent
agreement with the realistic nonlinear model. Thus, the linear
model with the assumption Kpr, = 0, Dpr, = Dy, is used for
the controller design.
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Table 1 Nominal parameters of experimental vehicle

with TDA-TVD unit.

M 2173 kg
Jats Juw, I | 00183, 1.81, 3308 kg-m?>
K, 6723.1 N/rad
r.d 0.338,1.54m
G, b1, by 10.8,0.892, 0.895

Table 2 Identified fitting parameters.
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Fig. 10 Bode diagram of TVD with infinite load inertia
on differential mode “T’gfls (V =10 m/s, A\p:=0.1).

D, Ds, D,

0.1, 15, 1.25 N/(rad/s)

Ks

6723.1x0.43 N/rad

[*)
S

=)

Magnitude [dB]
8

Frequency [Hz|

(a) Frequency response of 52 There are a resonance at 6 Hz and an
anti-resonance at 0.6 Hz in this model.

20
B
> 0
=
5 -20
g
=
-40 : :
107! 10° 10!
100 T '
-Exp data
® o —— Model 1
=,
&
100
£ -

!
10°

Frequency [Hz

20 : —
"
A
o 10F
S,
g Op—- —
=
%,'10 —— Simu (nonlinear)
s ----Linear Dif. model
-2011- - - Linear Dif. model (K, =0,D =D))
_30 ' '
102 107 10° 10t
Frequency [HZ]
30 - T T
0 e Ty Y PR
[— _30 5
o)
S, -60F
8 -oof
T 120}
-150F
-180 .
102 107
Frequency [HZz]
Fig. 11 Bode diagram of TVD with infinite load inertia

on differential mode (V' = 10 m/s, Ap¢ = 0.1).

3.5. Frequency-domain System Identification of TDA-TVD on
Summation-Differential Mode

An experiment of the frequency response identification of a
real TDA-TVD unit was carried out. The TDA-TVD unit is con-
nected with two individual load motor to emulate a vehicle trans-
lating and not turning, without the slip of wheels. The following
parameters shown in Tab. 2 were used to get the frequency re-
sponse of the obtained summation and differential models.

The experimental results of the frequency response identifica-
tion are shown in Fig. 12(a) and Fig. 12(b). The identified fre-

(b) Frequency response of

“DM There is a resonance at 2 Hz in this
Tpwm

model.

Fig. 12 Frequency response of TDA-TVD on
summation and differential modes.

quency responses are ‘;z AJ‘;[ and %. In the both cases, the gain
and phase diagrams show certain agreement between the experi-
mental results and obtained linear models.

The reason why the phase decreases at higher frequency in case
of the experiments is because of sampling frequency of 100 Hz.
The experiment of the system identification on differential mode
was carried out on two frequency intervals from 0.01 to 1.0 Hz
and 1.0 to 100 Hz separately. That is why the curves of the ex-
perimental data are not continuous at 1 Hz.

SDMT enables us to construct vehicle dynamics controller
much easier since we do not need to take the coupling between

Copyright © 2023 Society of Automotive Engineers of Japan, Inc.
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Fig. 13 Decoupling compensator FE is inserted before
TDA-TVD (Plant P).

the left and right wheels into account.
Now, two of vibration suppression controllers are proposed in
this chapter.

4. Design of Joint Torque Controller

4.1. Conventional Feedforward Controller using Decoupling
Compensator
The previous study designed a decoupling compensator E
based on an “diagonalization” as shown in Fig. 13 and the fol-
lowing equations

e11 =exn =1 (70)

. an
gi1

o1 = — 92 72)
ga2

The previous study assumed a load inertia to be that of the sum-
mation mode, i.e., Jrr, = Jrr = Jsr, and Dy = Dy, = 0.
The transfer functions with the decoupling compensator E are
obtained as follows

Tras _ Jrs(Dss + Ks) 73)
Trin  J11JLss?+DsJx15+KJx1
Tras  Tras
—_— = = 74
TLin TRin 0 ( )
T s Ds Ks

Lds _ Jrs(Dss + Ks) 75)

Trin  JooJrss?+DsJx2s+KsJx2
Jx1=Jiu1 +Jrs,IJx2 = Je2 + Jrs

The joint torque control feedforward controller with the decou-
pling compensator (JTC-FF-E) was constructed by the inverse of
the above equations multiplied by an additional filter in the same
way (see Fig. 14(b))
4.2. Proposed Feedforward Controller using SDMT
This section designs a joint torque vibration suppression con-
trol based on SDMT. We utilize (40) and (60) to construct the
feedforward of the joint torque controller based on SDMT (JTC-
FF-S(D)) given by
Tsin 1
Tsas s + 1
6383 + 6282 +c18+ ¢o
(Jsrs + Dsr)(Dss + Ks)(1s + 1)
Tpin 1
Tpas s+ 1
d353 +4 d252 +dis+ do
(Jprs+ D) (Dss + Ks)(1s + 1)’

Circ—Fr-s = (76)

Circ—Fr-p = (77)

where 7 is a cutoff frequency of an additional filter to make

TRds—ref TSdSrref TSn-ra T, M TRds
>
G 1TB™14™1 TDA-TVD
o M
Tigsrer Todsres Toinres Tim Tias

(a) Based on Summation-Differential mode transformation

(Prop.).
TRdsrref TRi n-ref TRM TRds
T
G 'TB! TDA-TVD
—p| JTC-FF-L — —
Tidsres Tiinre Tim Tigs

(b) Based on decoupling compensator E (Conv.).

Fig. 14 Implemented block diagrams of Joint torque
controllers.

the transfer functions proper. The overall block diagram of the
joint torque controller including the coordinate transformation is
shown in Fig. 14(a).

5. Experiemtnal Verification of Joint Torque Vibration
Suppression Control

In this section, an experimental verification of the joint torque
vibration suppression control is carried out. To evaluate the ef-
fectiveness of the proposed controller, three cases are compared;
without any control (wo control), JTC based on SDMT (JTC-FF-
S or JTC-FF-D), and JTC based on the normal mode with the
decoupling compensator (JTC-FF-E).

5.1. Experimental Conditions

The following two scenarios are verified on a straight dry path,
and the steering angle is held at 0 degree by a driver in the whole
experiment. The first scenario is that the vehicle is driven by the
differential driveshaft torque reference of 450 Nm when the ve-
hicle is running at 45km /h. The second scenario is that the ve-
hicle is accelerated by the summation driveshaft torque reference
of 500 Nm when the vehicle is running at 20 km /h.

The experimental vehicle with TDA-TVD is shown in Fig. 15.
TDA-TVD drives rear wheels using two electric motors. The
driving control unit uses MicroAutoBox (MAB) to output drive
shaft torque command which is determined by accelerator open-
ing degree and vehicle speed. MAB communicates with Mo-
tor Control Unit (MCU) by Controller Area Network (CAN) in
a cycle of 10ms. The controllers of JTC are implemented on
the MCU. The drive shaft torque command is input to the JTC
controllers through a low-pass filter, whose cutoff frequency is
10 Hz. The torque command is calculated in a cycle of 1 ms. To
protect TDA-TVD, the drive shaft torque command differential
rate is limited by 1000 Nm//s.

5.2. Experimental Results

Fig. 16 shows the experimental results with different JTC con-
trollers. As shown in Fig. 16(a) the experimental results on dif-
ferential mode, the drive shaft torque vibrates at 2 Hz when the
differential torque is applied without control. It is caused by the
torsional resonance of the drive shaft on the differential mode
as shown in section IV. On the other hand, the vibration can be
suppressed by the controller of JTC-FF-E with tuned parame-
ters. Even though JTC-FF-D with nominal and identified param-
eters in Tab. 1 and Tab. 2 has a constant error about 100 Nm, it
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Fig. 15 Experimental vehicle equipped with
TDA-TVD. TDA-TVD drives rear wheels using two
electric motors.
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(b) Summation mode.

Fig. 16 Experimental results of Joint Torque
Suppression.

could be reduced by tuning the parameters during the experiment.
The controller of JTC-FF-D with tuned parameters obtained al-
most the same vibration suppression performance with JTC-FF-E
(tuned).

Fig. 16(b) shows the experimental results with different JTC
controllers on summation mode. The drive shaft torque vibrates
at 6 Hz when the summation torque is applied. It is caused by the
torsional resonance of drive shaft on summation mode. The vi-
bration can be suppressed by the controllers of JTC-FF-E (tuned)
and JTC-FF-S, but there is a constant error about 30 Nm. This
error decreases to about 10 Nm after tuning the parameters of
the controller. Comparing with JTC-FF-E (tuned), there is lower
model error in JTC-FF-S (tuned), because JTC-FF-E (tuned) does
not consider the viscosity coupling.

6. Conclusion

This study proposed a novel linearized model of TDA-TVD
that well describes the longitudinal motion (summation mode)
and yaw motion (differential mode) using a coordinate transfor-
mation and analyzes TDA-TVD in the frequency domain in de-
tail. By splitting into summation and differential modes, the fre-
quency domain analysis of the real hardware of TDA-TVD be-
comes much easier. Furthermore, the driveshaft torque vibra-
tion of the summation and differential modes could be effec-
tively mitigated by designing controllers for the corresponding
modes. In this paper, a driveshaft torque vibration suppression
controller is designed based on the inverse model of summation
and differential modes. To evaluate the effectiveness of the pro-
posed controller, simulation and experiment verification are car-
ried out. The evaluation results show that summation and dif-
ferential modes define the TDA-TVD model more precisely, so
that the proposed method has less model error. An improved and
more detailed system identification of TDA-TVD such as imple-
mentation of an additional feedback controller, and further im-
provement of the vibration reduction will be future work.
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