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Control of Dual Mode Power Split Transmission
for a Hybrid Electric Vehicle

Namdoo Kim*, Jeongmin Kim*, and Hyunsoo Kim*

Motor control algorithm for a dual power split system is proposed for hybrid electric vehicles (HEV). The
dual mode power split system consists of an electric variator, MG1 and MG2, and three planetary gear sets.
In order to develop the control algorithm for the best fuel economy, the dual mode PST is analyzed by network
analysis. From the network analysis results, it is found that the dual mode PST efficiency decreases in the speed
ratios where the power circulation occurs, and it is required that the ICE needs to be operated on the speed ratio
region where the powertrain efficiency is relatively high. Using the dynamic models of the HEV powertrain, a
motor control algorithm to obtain the high system efficiency is designed by inversion-based control. In order to
evaluate performance of the control algorithm, HEV simulator is developed using Cruise and MATLAB Simulink.
It is found from the simulation results that the motor control algorithm proposed in this study provides improved
fuel economy since the motor control is able to provide the ICE operation on the speed ratio range, which gives
relatively high powertrain system efficiency.

Keywords: PST (Power Split Transmission), HEV (Hybrid Electric Vehicle), Dual Mode

1. INTRODUCTION

Growing concerns on saving energy and preventing
global warming have been pressing the automotive
industry to produce automobiles with less exhaust
emission and better fuel economy. Under these
circumstances, a hybrid electric vehicle (HEV) is
considered to be a viable solution to meet those
requirements in short to mid-term. Various hybrid
architectures have been proposed and implemented
over the past ten years. Series hybrid is conceptually
the simplest hybrid. However, poor efficiency and large
electric machine size limits its applicability to specific
vehicle types. Parallel hybrids, which use one or more
electric motors, have been used in many passenger car
applications since the electric machines can be sized
only for the desired functions rather than the full engine
power and drivetrain efficiency is relatively high [1].

Besides the series and parallel hybrids, a power-split
type can be added to series and parallel hybrids. In the
power-split transmission, the input power can be split
into two parts, one of which is delivered to the wheels
via the variator, which controls the speed ratio, and the
other via a purely mechanical path which consists of
planetary gear sets [2]. This principle is known from
hydro-mechanical transmissions (HMTs). In HMTs,
hydraulic pump and motor set is used as the variator,
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and provides an infinite speed ratio [3]. The power-split
concept has been recently extended to include electric
power paths rather than hydraulic path to create
electro-mechanical, power-split infinitely variable
transmissions, known as PST in short [4]. The Toyota
Prius is the most prominent representative of PSTs of
this kind [5].

Since the PST is capable of providing an infinite
input-to-output speed ratio range, including a geared
neutral, the engine can be directly connected to the
transmission at all times independent of the vehicle
speed. A major advantage of this PST architecture
stands in the possibility to de-couple the internal
combustion engine (ICE) and wheel speed as long as
the output power demand is met; this gives much more
flexibility to choose the ICE working point in order to
optimize fuel consumption and reduce exhaust emission
[6]. But the PST is characterized by internal power
circulation. In the PST, the internal power circulation
occurs along the closed loop depending on the speed
ratio, and sometimes the circulated power increases
enormously, which requires a variator size that is
2~3 times larger than the input power. This power
circulation can lead to high losses, and thereby to a low
efficiency of the power transmission. It is noted that the
power circulation is the primary reason why the THS
(Toyota hybrid system) shows relatively low efficiency
in the high speed region.

In order to avoid or minimize the power circulation of
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the PST recently, a dual mode PST which is named as
‘the dual mode’ in contrast to ‘the single mode’ like the
THS, has been investigated as a design alternative for
the HEV transmission to achieve the improved system
efficiency in overall operating speed ranges. Various dual
mode PST design configurations have been proposed as
seen in recent patents and publications [7~10].

In design of the dual mode PST hybrid electric vehicle,
a control strategy considering the overall powertrain
efficiency should be required. In general, the PST system
efficiency varies depending on the speed ratio due to its
power transmission characteristics. An existing HEV
control strategy which operates the IC engine on the best
thermal efficiency region may deteriorate the overall
system efficiency. In addition, since the dual mode PST
is operated by two motor-generators, control algorithm
of each motor is required by considering dynamics of the
PST, IC engine and the vehicle. In this paper, a control
algorithm on how to operate the IC engine and motors
is proposed for a dual mode PST from the viewpoint of
the overall powertrain system efficiency. First, power
characteristic of the dual mode PST used in this study
is investigated by network analysis and the dual mode
PST system efficiency is obtained with respect to the
speed ratio. Based on the network analysis results,
a motor torque control algorithm is proposed, which
provides the motor speed to operate the IC engine for
the best powertrain efficiency.

2, CHARACTERISTICS OF DUAL MODE PST
2.1 Network Theory

In Figure 1, a dual mode PST investigated in this

o

study is shown. The dual mode PST in Figure 1 consists
of three planetary gears, two clutches and an electric
variator which is composed of two motors: MG1 and
MG2. The IC engine is connected to the ring gear R1 of
the planetary gear PG1 and the motor MG1 is connected
to the sun gear S1 of PG1 and the sun gear S2 of the
planetary gear PG2. The dual mode PST in Figure 1
realizes the mode 1 by engaging the brake B (Figure
2a) and mode 2 by engaging the clutch CL (Figure 2b).

Power characteristic of the dual mode PST in Figure
1 is analyzed by network theory. Network theory
by Hedman [11,12] can be summarized as follows:
a general mechanical power transmission system
consists of power transmission elements (TM element)
and shafts. TM elements are connected to shafts and
are represented by nodes. Speed and torque equations
can be obtained at each node.

Speed equation at node: Speed at node j can be
determined from relationship between neighbor speed
nodes.

Mm ‘0= o
@
where M is the square matrix consisting of the
coefficient of speed relationship, w is the speed vector

as o'" [0, w, ... ® ], and B is the boundary vector
consisting of known input (or output) speeds.

Torque equation at node: When k torque nodes
are connected at jth speed node, the following torque
equation can be obtained from torque equilibrium of
the jth shaft.
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Figure 1: Schematic diagram of dual mode PST system
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Jj+k

2T,=0
i=J (2)

where 1 is the torque node number at jth speed node.
For TM elements, torque equation can be obtained as

forj=1,2,.., N,

_ S
Mr-17=By
(3)
where M, is the square matrix which consists of the
coefficients of torque equations, T is the torque vector

as T, =[T T,.. Tl andﬁ is the boundary vector.
2.2 Network Analysis of Dual Mode PST

In Figure 2, network model of the dual mode PST
is shown. In the network analysis, it is assumed that
the power loss is only attributed to the torque loss.
The power variator model is shown in Figure 2 as TM
element. The dual mode PST has two operation modes,
depending on clutch and brake operation. For mode 1,
the brake B is applied, so the speed of the ring gear 3
is zero (Figure 2a). The torque and speed matrices for
mode 1 in Figure 2 can be obtained as (below)

1 0 0 0 0 0
_ Z, _ Zy 0 0 0
ZatZ, ZatZ,
0 1 0 0 0 -1
0 0 0 0 -1 1
0 0 0 0 0 - 2w
Zys+Z,,
0 0 0 0 0 0
0 0 0 0 —i 0
0 0 0 Zr2 0 0
Zo+7Z
0 0 0 1 0 0
0 0 0 0 0 0
0 0 0 0 0 0
.o 0 1 0 0 0
! 0O 0 0 0 O
1 1 1 0o o0 o
-Z, Z, 0O 0 0 O
0 1 0 o 1 1
0 0O 0o 1 0 O
0 0 0 -z, 0 O
0 0O 0 0 0 O
0 0O 0 0o 1 O
0 0O 0 0 o0 1
0 o 0o o o0 z,
0 0O 0 0o 0 O
| o o1 0o 0 O
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where Zs and Zr are the number of sun gear and ring
gear teeth respectively, and 1 is the speed ratio of the
electric variator.

The torque and speed matrices for mode 2 can be
derived in similar manner.

The power and speed characteristics by the network
analysis are shown for the dual mode PST designed
in this study in Figure 3. In Figure 3, the power ratio
and the system efficiency are plotted with respect to
the speed ratio, SR. The power ratio P, / P, is defined
as the ratio of the electric variator power to the engine
input power and the speed ratio SR is defined as the
ratio of the output speed to the engine input speed as
SR =w_,/ w,. The electric power ratio P, / P, becomes
0 at A and B where the SR becomes SR 0.43 and
SR=0.75 respectively in mode 1. At the PST mode is
changed to the mode 2 SR=0.75. In the mode 2, P, /
P_also becomes 0 at C where the SR becomes SR=1.2.
The speed ratio SR where the electric power is zero is
called ‘node point.” The node point can be determined
by appropriate planetary gear ratio selection. At
node point, all the power is transmitted through the
mechanical part and the system efficiency reaches the
maximum. The mode 1 is maintained until the speed
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w, 0
0 0 0 00 0]]w, 0
0 0 g 00 0w, 0
0 0 r3 1 0 0
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0 1 0 0 0 0w 0
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0O 0 0O 00 O0||T7 0
0O 0 0 O00O0oO0||T1 0
0O 0 O 00 O0|]|T, 0
1 0 0 01 0||T 0
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0O i O 00 O0|]|T1 0
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Figure 2: Network model for dual mode PST system

ratio reaches SR=0.75. At SR=0.75, the dual mode PST
shows the highest efficiency because all the power is
transmitted only through mechanical part. At this
point, the shift from mode 1 to mode 2 is carried out by
the clutch and brake operation. The system efficiency
at mode 2 is relatively high because the power ratio of
the electric part at mode 2 is smaller than the power
ratio of the electric part at mode 1 until speed ratio
becomes SR=1.2.

In Figure 4, negative value of P,/ P means that
the power direction through the electric variatior is
revered; in other words, power circulation occurs along
the closed loop. Once the power circulation occurs,
the PST efficiency decreases due to the relatively low
efficiency of the electric variatior. For instance, at
SR=0.2, 75% of the engine input power passes through
the electric variatior and the PST efficiency shows 69%
(Figure 5a).

If SR is somewhere between A and B or between B
and C, the input power is divided into the electric part
and the mechanical part, and no power circulation
occurs. As shown in Figure 5b, when SR=0.6, 15% of
the input power passes through the electric variator
and the remaining power goes to the mechanical part.
For B<SR<C, even if P, / P, shows a negative value,
it is expected that the PST efficiency is high since the
magnitude of the circulation is small (Figure 5a and
Figure 5c¢). When SR is larger than point C in mode
2, P,,,,/ P_shows a positive value. If P, / P, is larger
than 1, it also means that power circulation occurs. For
instance, at SR=1.85, the electric power ratio is 1.35,
which means that 135% of the input power passes
through the variator.

From Figure 4, it is found that the PST system should
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Figure 5: Power flow of PST

be operated on the speed ratios where the PST efficiency
is relatively high. In the conventional CVT vehicle, the
CVT ratio is controlled only from the viewpoint of the
engine thermal efficiency. In other words, the CVT ratio
control is performed to maintain the engine operation
on the optimal operating region which is selected to
obtain the minimum fuel consumption. However, in
the PST vehicle, it is noted from Figure 3 ~ Figure 5
the engine operation speed needs to be that selected to
maintain the speed ratio SR which provides the high
PST efficiency. Since the vehicle velocity is determined
by the driver’s demand, the engine speed can be
controlled by the motors MG1 and MG2.

3. DUAL MODE PST CONTROL
3.1 Dynamic Modeling of HEV Powertrain

In order to design a control algorithm for the MG1 and
MG2 to obtain the high powertrain efficiency, dynamic
model of the dual mode PST needs to be constructed.

For the powertrain modeling, the following
assumptions are made:

o Inertia of the pinion gears is neglected because
it is relatively small and there is no interest in
the torque acting on the pinion gears,

o All shafts within the powertrain are assumed
to be rigid,

0o Sun gear inertia is lumped with MG1 rotor
inertia,

o Inertia of the ring gear is lumped with MG2
rotor inertia,

o Carrier inertia is lumped with engine inertia.

From the assumptions, a bond graph representing the
powertrain can be constructed, as shown in Figure 6.
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From the bond graph, dynamic equations of the dual
mode PST powertrain can be easily obtained. Note
that only two differential equations are required to
represent the powertrain system since there are only
two independent state variables — engine speed (we)
and vehicle velocity (V). With simple mathematical
manipulation, the dynamic equations can be obtained
as follows

(6)
where X = [, V]',u=I[T,T,,T,..FI
I sz;m (bdf 2b2) ;JMGZ
_ a a“de
N yJuer , (bdf — by 1+ac ~df )N ;Jve:
a’R, a’d’e’R,
DN Juor | (bdf by 1+ac ~df YN, e
a2§, d;dz e’R,
N, Jua2 (1 +ac — ) N Jug:  2J,
M + ;2152 2d%e 2Re +R2

t t

where J, is the lumped inertia of engine and carrier
gear, JMGI, Jyc. 15 the motor inertia, J_ is the wheel
inertia, N, is the gear ratio from the ring gear to
driveshaft, Rt is the tire radius, M is the vehicle
mass and F, is the road load (e.g. aerodynamic drag,
rolling resistance, and road grade). From Equation (6),
dynamics of the dual mode power split HEV powertrain
can be represented in state-space equation as follows:

X=A4A-X+B-u

Y=C-X+D-u
(7)
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where a, b, ¢, d, e, and f are the planetary gear ratio.
3.2 Design of Control System

It is seen from Equation (6) ~ (7) that the dual mode
PST powertrain has two state variables: the engine
speed w, and vehicle speed V, and four control inputs:
the engine torque T,, MG1 torque T, , MG2 torque T,
and road load F, . However, among four control inputs,
only T, and T, can be used to control the state
variables o and V since the engine torque T, depends
on the driver’s accelerator pedal operation to follow the
driving schedule and road load F, is determined by the
vehicle running condition, such as air drag and road
grade.

In order to find out T, and T, that provide the
desired engine speed for higher system efficiency,
Equation (6) is reconstructed by introducing the matrix

W
B u=w-u, +T,
(&
where _é _ (b=bdf) , |:TMGI :| ,
| a ade u,=
W=l N, (ac+1-d/)N, Tc:
ar, adeR,
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From Equation (7) and Equation (8), state equation
can be obtained as

X=0"W-u, +a"-T,
9)

Assuming that the differences between the actual
value a,W, T,) and the calculated value are less than
g, that is small enough, the control input u, can be
defined as

A . ~ A
U, :Wﬁl(i(_KP[X_Xd]_KI,[[X_Xd]+Xd _Wile
0

1 .
= Wﬁla(_KP[X_Xd]_KI,[[X_Xd]+Xd)_W71Td +iy — il
' (10)
where X, is the desired state, K, is the proportional
gain, and K, is the integral gain. i, i, can be obtained
as

A A _ t .
u =W l‘a_W ](1][ _KP[X_Xd]_KI_[[X_Xd]+Xd)
0

i, =(W'T, -w™'T)) (1)

Now we can solve Equation (11) by selecting proper
control gain K,and K,, which gives the error ¢ which
converges into zero fast enough and the control input
u,; in other words, T, ,, and T, can be obtained from
Equation (10) as follows:

. Ko, iy 1=K [T, ~0, 1D
uw:|:AMGI‘|:W1'(|i({H ({21 0{ 7]:11)
fuaz) ooz ety -k -,

0
(12)
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In Figure 6, a control block diagram for dual mode
PST is shown. For the desired vehicle velocity V,, the
desired engine speed w_, . . can be determined, which
maintains the dual mode PST operation in relatively
high efficiency range; in other words, to maintain the
speed ratio between 0.43<SR<1.2 (Figure 3). The speed
ratio control can be achieved by the motor torque T
and T, ,, from Equation (12).

MG1

3.3 HEV Control Strategy

In order to evaluate the dual mode PST control
algorithm, a hybrid electric vehicle control strategy is
required at first. In this study, it is assumed that the
PST HEV is operated by the following threeoperation
modes.

EV mode: the vehicle is propelled only by the electric
motors. The vehicle runs in EV mode under the
following conditions:

o the demanded vehicle power is less than the
electric motor maximum power

o the battery state of charge (SOC) is higher
than the lower limit

o the vehicle velocity is less than the threshold
velocity (generally the vehicle is operated in EV
mode at start)

HEV mode: If the driver’s accelerator pedal opening
is large enough or the battery SOC drops below the
lower limit, the vehicle is propelled by the engine and
the motor, and if necessary, the battery is charged by
the engine. In the HEV mode, the PST control algorithm
proposed in this study is used for the higher system
efficiency.

Deceleration mode: In deceleration mode,
regenerative brakingis carried out. The required electric
motor torque is calculated from the demanded braking
force by considering the electric motor efficiency.

4. SIMULATION RESULTS AND DISCUSSION

In order to evaluate performance of the motor control
algorithm proposed
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the whole powertrain efficiency (PTE control) and (2) the
optimal operating line (OOL) for the ICE (OOL control).
For the PTE control, the ICE speed w, is controlled by
the MG1 and MG2 to provide the speed ratio SR, which
gives higher powertrain system efficiency in Figure 4.
For the OOL control, the MG1 and MG2 are controlled
to operate the ICE on the OOL for the minimum fuel
consumption from the viewpoint of the engine thermal
efficiency.

In Figure 8 ~ 9, simulation results are compared
for the first 0 ~ 400 seconds of FUDS (federal urban
driving schedule). The vehicle velocity follows the
target velocity closely for the two control algorithms.
However, the speed ratio SR shows different value for
each control algorithm. In the PTE control (Figure 8),
SR remains around SR=1.4 between two node points
(SR=0.43~1.2) for most of the driving schedule where
the powertrain efficiency is relatively high (Figure 4);
meanwhile SR for the OOL control (Figure 9) changes
from SR=1.1 to SR=2.7. The ICE for the PTE control
(Figure 8c) is operated on relatively high speed region

© 2008 WEV Journal

Time, sec

Figure 9: OOL control

compared with that of the OOL control (Figure 9c). It
is seen from Figure 9c that the ICE is operated mostly
on the optimal operating speed around 1200 rpm by the
OOL control. The motor torque shows positive value in
the EV mode. And the MG1 is used as a motor and the
MG?2 is used as a generator for control algorithm in
HEV mode.

In Figure 10, the ICE operation trajectory is compared
for two control algorithms. It is noted that the engine
operation is carried out in relatively high speed and
low torque region for the PTE control (Figure 10a),
compared with those of the OOL control (Figure 10b).
Even if the engine operation is performed out of the
OOL for the PTE control, the fuel economy of the PTE
control is improved by 4.8% (Figure 11) since the PST is
operated on the speed ratio range where the powertrain
efficiency is relatively high.

5. CONCLUSION

Motor control algorithm for a dual power split system
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Figure 10:Comparison of engine operation trajectory for (a) PTE control and (b) OOL control

is proposed for hybrid electric vehicles (HEV). The
dual mode power split system consists of an electric
variator, MG1 and MG2, and three planetary gear
sets. In order to develop the control algorithm for the
best fuel economy, the dual mode PST is analyzed by
network analysis. From the network analysis results,
it is found that the dual mode PST efficiency decreases
in the speed ratios where the power circulation occurs,
and it is required that the ICE needs to be operated on
the speed ratio region where the powertrain efficiency
is relatively high.

Using the dynamic models of the HEV powertrain,
a motor control algorithm to obtain the high system
efficiency is designed by inversion-based control. In
order to evaluate performance of the control algorithm,
HEV simulator is developed using Cruise and MATLAB
Simulink. It is found from the simulation results that
the motor control algorithm proposed in this study
provides improved fuel economy since the motor control
is able to provide the ICE operation on the speed ratio
range, which gives relatively high powertrain system
efficiency.
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