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Abstract: In this paper, we propose a fuel consumption optimization technique for a power-split hybrid electric vehicle
(HEV) via gain-scheduled model predictive control. The control algorithms for the hybrid powertrain choose the power
split between the internal combustion engine and electric motor of the HEV in order to minimize the fuel consumption.
The operating conditions of the HEV change during driving in real time by road conditions and driver demand. Therefore,
it is necessary to have optimal control in real time and to consider the time-varying motor condition. We model an HEV
and propose a gain-scheduled model predictive control for a power-split HEV. Using the proposed technique, the optimal
fuel consumption for a power-split HEV is achieved. Finally, the proposed approach is validated by numerical simulations.
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1. INTRODUCTION

In recent years, the number of cars has been increasing
in the world. An environmental technology for cars has
been developed in response to environmental concerns
and problems of rising fuel cost. The hybrid electric ve-
hicle (HEV) is provided by electric motors and an inter-
nal combustion engine and is reduced emissions and fuel
consumption by combining their output[1]. The improve-
ment of fuel economy is achieved by using surplus energy
that is recovered from engine power and the regenerative
energy reused, as shown in Fig. 1, and allow running a
smaller combustion engine in a higher efficiency region.
However, the control of the HEV with a battery and two
driving forces is more complex than a conventional car.

Therefore, the control of the HEV to optimize fuel
consumption is being actively studied [2][3][4][5][6].
Therein, the model predictive control [2] is believed to
be an effective means. However, in previous studies, the
state of the battery, which depends on the varying motor
speed, cannot be simulated. The controlling the battery
within its physical constraints is necessary to express the
varying state of motor speed.

In this paper, we propose a fuel consumption opti-
mization technique for a power-split HEV as shown in
Fig. 2 via gain-scheduled model predictive control [7].
We make possible an optimal control for a variable state
system and represent the varying state by combining
gain-scheduled model with conventional model predic-
tive control. Thus, it is possible to optimize fuel con-
sumption for an HEV considering not only the state of
the engine, EM1, and EM2 but also the state of the bat-
tery. The scheduled parameter used in the gain-scheduled
control is obtained by linear interpolation between the
minimum and maximum of the EM1 and EM2 rotational
speed.

At first, we model a power-split HEV and describe
about the general model predictive control. Then the
gain-scheduled model predictive control proposes. Fi-

1 Hitoshi Iyama is the presenter of this paper.
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nally, the proposed control law is validated by a numeri-
cal simulation.

2. PROBLEM SETTING

2.1. Fuel Economy Optimization Problem

In this paper, the fuel economy optimization problem
is considered for the optimal distribution of power in the
HEV powertrain to maximize fuel economy and combus-
tion efficiency. This problem needs to consider not only
the optimization of fuel consumption but also the con-
straint of the battery state, drivability.

2.2. HEV Modeling

In this section, we consider the model of a power-split
HEV as shown in Fig. 2.
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2.2.1. Vehicle Dynamics
The motion of the HEV is formulated as

Mi)<t):fd(t)_fa(t)_fr(t)_fg(t) (1)
where
fat) = Tj%(t) (driving force), (2)
fat) = %pAdev2 (t) (air resistance), 3)
fr(t) uMgcos(8(t)) (rolling resistance), (4)
fot) = Mgsin(0(t)) (gradient resistance), (5)

here M[kg] is the vehicle weight and R,,[m] is the tire
radius, p[kg/ m?3] is the air density, Cy is the air resis-
tance coefficient, A s[m?] is the vehicle frontal projected
area, p is the rolling resistance coefficient, g[m/sQ] is
the gravitational acceleration, f[rad] is the road gradi-
ent, v[m/s] is the vehicle speed, 74[Nm] is the driver-
demanded torque, t[s] is time. The driver-demanded
torque, which is a measurable disturbance to the car, be-
comes Eq. (6) based on Eq. (1).

Ta(t) = Ry (Mi(t) + %pA FC03(t)

+Mgcos(0(t)) + Mgsin(0(t))) (6)
2.2.2. Powertrain Dynamics

We formulate the equation of state of EM1, EM2, and
the engine to configure the powertrain of the HEV. EM1,
EM2, and the engine are connected as shown in Fig. 2
by planetary gears. The relationships among the speed of
the powertrain components are formulated as [8][9]

RrwemQ (t) + steml (t) = (Rr + Rs)weng (t) (7)

where wem1lrad/s], wemalrad/s], and wenglrad/s] are
EMI1, EM2, and the engine rotational speed, respectively.
Rs[m], R,[m] are sun gear and ring gear radius, respec-
tively. Then, the motion equation of rotation for EM1,
EM2, and the engine are shown as

Iemlo:)eml (t) = Teml (t) + fp (t)R57 (8)

Iem2wem2 (t) = Tem?2 (t) - Tgt) + fp (t)Rm (9)
f

TengWeng(t) Teng(t) — fo()(Rs + Ry), (10)

where Iepilkg - m?], Temalkg - m?], and Iepnglkg - m?]
are inertia moments of EM1, EM2, and the engine, G ¢ is
the differential gear ratio, f,[N] is the interaction force
caused by contact with the planetary gear, 7,,1[Nm],
Tem2[Nm], and 7., 4[Nm] are EM1, EM2, and engine
torque, respectively. f,(¢)[N] is expressed in Eq. (11)
as follows from Egs. (7) and (8).

Fol0) = (R o)y ()R] 2
(11)

The motion equations for EN2 and engine are formulated
in Eq. (12) as follows from Egs. (9), (10), and (11).

2
Rr4+Rs Rr(Rr+Rs
Ieng + ( TI;: 5) Ieml - r RT; )Ieml

: [
7RT(RI€§+RS)I Ie7n2 + <g:) Ieml ]

eml

Weng (1)

wemZ (t)

)
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1 Ry+Rs 0 Teng(t) 0
= |: o _Rﬁr 1 :| |: Temlgig + 7% :|Td(t) (12)
Rs Tem?2 f

2.2.3. Battery Dynamics

The battery needs to be controlled within its con-
straints to prevent over-charging or over-discharging. The
state of charge is soc[%].

soc™m" < soc(t) < soc™** (13)
The state equation for the battery can be given as [8][9]

Ve — \/Vozc — 4Apvart (t) Rpare
2CbattRbatt

soc(t) =

(14)

where Chqi¢[Ah] is the battery capacity, ppq::[W] is the
battery power , V,.[V] is the open circuit voltage, and
Rpar:[€2 ] is the battery resistance. The battery power in
Eq. (15) is a function of the rotational speed and torque.
Here the efficient of battery charge and discharge are not
considered.

DPbatt (t) = Teml(t)weml(t) + TemQ(t)wemZ (t) (15)

Egs. (14) and (15) represent the relationship between
soc and ppqt: in Fig. 3. Therefore, the equation for the
battery state can be formulated as Eq. (17), which can be
considered from the approximate straight line in Fig. 3.

SoPbatt (t) (16)
So (weml (t)Teml (t) + Wem?2 (t)Tem2 (t)) (17)

where S, is the battery coefficient. This equation for the
battery state has time-varying states, which are wem1 ()
and wepma(t).

2.2.4. Fuel Consumption Model

We next consider the fuel consumption model. The
instantaneous fuel consumption 72 ¢[g/s] is expressed in
Fig. 4 from the relationship between torque and speed.
Then, we consider the approximate straight line passing
through the origin in Fig. 4. This line can express as

1y (t) = EoTeng (1)

soc(t)

(18)

where Ej is the fuel consumption coefficient, which is
average of slop on the each engine rotational speed.
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2.2.5. State Space Representation

We show a state-space representation of the HEV by
using the equations derived in the previous section. The
B matrix is time-varying because the battery has a time-
varying state.

&(t) = Ax(t)+ B(t)u(t) + Bd(t) (19)
y(t) = Cz(t)+ Du(t) (20)
subject to w™" < u(t) < umeT 21
y" < y(t) <y (22)
where
Weng(t) Weng (t)
2(t) = [ Lemald) ] w(H) = [ VA ] Ja(e) = 7al),
soc(t) soc(t)

Teng (1) 0
u(t) = | Temi(t) |, A=« 0
0

Tem?2 (t)

[N NN
[N
[N

So - Wem?2 (t)

01 1 A 0 O 0O 0 0

- e 1 0 0 0
B= G |,e=|9% ®m O 0| p= ,

0 0 0 1 0 0 0 0

0 o 0 0 1 0 0 0
2 —1

Teng + (B2 ) Loy —BeBrtBoy 0 0 0

2 2

a = —%ﬁkml Tema2 + (%) Iem1i 0 O

0 1 0

0 0 0 1

2.3. Control Purpose

The cost function can be formulated as the quadratic
equation that minimizes the deviation of the target value
and state.

) t+AL T
i J = / (9(r) — ()T Qy(r) — r(r))

+ul (1) Ru(r))dr (23)
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subject to
@(t) = Ax(t)+ Bu(t) + Bd(t) (24)
y(t) = Cux(t)+ Du(t) (25)
umin < ’U,(t) < wmer (26)
ymin < y(t) < ymaac (27)
t>0 , At>0 (28)
weng((t)) | i o.)en(ggt) i
Wema2 (t v(t
t) = t) =
soc(t) | soc(t)
Wengr(t) 1 r Teng(t) 7]
r) = | O = | ) |
me(t) T (t)
soc,(t) L fem2it) ]
R..., 0 0 ]
d(t) =74(t),R= 0 R, . 0 ,
0 0 R,

Qg 0 0 0
|l 0o @ o o0
Q= 0 0 Qu o
0 0 0 Qsoc

where J is the cost function, w is the control input, At
is the elapsed time, my,[g] is the target fuel consump-
tion, wey g, [rad/s] is the target engine speed, w;.,,, [rad/s]
is the target EM2 speed, soc,[%] is the target state of
charge, Qeng, Qv Qm;,Qsoc are weight of state, and
R R R are weight of inputs.

Teng) Tem1? Tem?2

3. MODEL PREDICTIVE CONTROL

We formulate a general model predictive control [10].
Model predictive control finds the predictive control input
that minimizes the deviation of the predicted output and
the reference trajectory that exponentially approaches the
target value from the current state in the interval. We
input only the current value from the optimal calculated
control input. In other words, we determine the current
input by prediction and optimization in real time. Then,
we rewrite this cost function as a quadratic programming
problem and calculate the optimization problem.

3.1. Cost Function

Model predictive control represents the cost function
to be solved in discrete time. The cost function is formu-
lated as

HP
minJ = " |[g(k + i) —#(k + )|l
1=0
Hu
+) [lAdk +6)||% (29)
1=0

subject to
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zk+1+i) = Az(k+i)+ Balk+1i)
+Bd(k + i) (30)
g(k+i) = C&(k+i)+ Da(k+i) (31)
Yy <ylk+i) <y™r (32)
u™" < u(k+1i) <umT (33)
Adk+i)=0 for i=H,+1,...H, (34

where H,, is the control horizon, H,, is the predictive
horizon, 7 is the reference trajectory, y is the predic-
tive output, k is the current time, 7 is the step, Q, R are
weights, @ is the predictive control input, and A is ex-
pressed by Au(k +i) = a(k+i) —a(k+¢—1).

3.2. Predictive Output
The predictive state and predictive input is given as

&(k+1) = Ax(k)+ Ba(k) + Bd(k) (35)
&(k+ Hy) = Afra(k)+ AHr~IBak)+--
+Ba(k+ Hy — 1) + A1 Bd(k)
+---+ Bd(k+ H,—1) (36)
ak) = Adak)+uk—1) (37)
wk+Hy—1) = Ad(k+Hy)+---+uk—1) 38)

The predicted output is determined by substitut-
ing the estimated input and the predicted state from

Eq. (39). The predictive output from AU (k) =
[Aa(k)--- Aa(k + H, — 1)]7 is formulated as
Y (k) =Px(k)+Yu(k—1)+OAU (k) +ED,, (k)
(39)
subject to d k)
(k+1) d(k+1)
Y (k) = : s Do (k) = : ,
(k+ Hp) d(H, — 1)
d(Hp)
- B -
A ] AB
A2
v =C AfH YT=C Z"IA’ ,
AHu+1 Z X AZ
Al :
' ' _ zf’;o L
i B 0 0 T
AB+B B 0
@=c 0
S Az ... B
0 0
L Zi:o ‘A'B Zf:po_Hu A'B |
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B~ Q )
AB B o 0

E=C
AH»—1p AH»—2p B

3.3. Quadratic Programming Problem

First G and @ are given by Egs. (40) and (41) as
G =207Qe(k) (40)
®=07QO +R (41)

where e(k) is the error in the predicted output and the ref-
erence trajectory. The quadratic programming problem is
formulated as in Egs. (42) and (43) with G and ®.

1AUT(k)@AU(k) -

min GTAUk)| 42
AU (k)
subject to QAU (k) <w (43)

The optimal AU * (k) is obtained by calculating Eqgs. (42)
and (43). The prediction control at the current time be-
comes A@* (k). Then, the optimal solution at the current
time is determined by Eq. (44) in accordance with the
previous inputs.

u(k) =u(k — 1)+ Aa* (k)
The current optimal control value is inputted to the con-
trol target.

4. GAIN-SCHEDULED MODEL
PREDICTIVE CONTROL

The general model predictive control is formulated in
the previous section, but it is not possible to handle the
time-varying state of the battery. Therefore, we propose
a novel controller using gain-scheduled model predictive
control [7]. We represent the time-varying state by sched-
uled parameters and solve the optimization problem.

At first, we decompose B into 4 matrices, as in Egs.
(45)~(48), including the maximum and minimum val-
ues of EM1 and EM2 rotation speed. The B matrix is
expressed as By (a=low or high, b=em1 or em2).

(44)

1 feth:
Blow 0 — §7< 1
eml — & e s (45)
Ey 0 0
0 2-S,-wow 0
1 ftl. 9
Bhish — o | 0 - (46)
eml o 0 0|’
high
0 2-S, w0
1 R,.+Rs
_Rér 1
B, = o E, , (47)
Ey, 0 0
0 0 2.5, wlw



SICE Annual Conference 2014
September 9-12, 2014, Sapporo, Japan

1 Bk 0
ghioh _ o | 0 ! (48)
em2 E() 0 0 A .
0 0 2.5, WMk

The four state space representations are utilized for the
model predictive control. Then, the optimization problem
is calculated by adding up the each quadratic program-
ming problem that multiplied the scheduled parameters.
The optimal solution is calculated by Eq. (44).

1 ow |1
amin 3 [ [5aUT weist AU - Gl T aUm)|

eml

) 1 ) .
+\Pigh [§AUT(k)q>’;:ngU(k) - Gg:g{‘TAU(k)]
sty | SAUT (@I58 AUK) - GlatT AU ()|

em2 em2 em2

+ARigh BAUT(k)@’”ghAU(k) - G’“’ghTAU(k)” (49)

subject to QAU(k) <w (50)

4.1. Linear Interpolation of the Scheduled Parame-
ters

low high ylow high
The scheduled parameters A, Agrni s Aemns Ao

are calculated by the actually measured wep1(t),
Wema2(t). The scheduled parameters are defined near of

the maximum rotational speed and the minimum rota-
tional speed as

WO — 5 < wem1 (t) < who¥ + 6, Aow =1, A" — o (51)

eml eml
high high high
W § < Wema (t) < wHIT 45, A0 =0, A9 =1 (52)

high
wloW — 8 < Wema(t) < Wl + 8, A%, = 1,AM90 =0 (53)
high

high _§ < wema(t) < MR 45 ALow, — 0, A9 — 1 (54)

w em?2 em?2

where ¢ is an acceptable error. The scheduled param-
eters in between the maximum rotational speed and the
minimum rotational speed are considered by using a lin-
ear interpolation as shown in Fig. 5.

low
high Wem1 () — wi® — 6
Xemi (1) = —Jp—pom—, (55)
eml — Wem1 — 20
high
A (t) = 1=Xgh (), (56)
hiah We Q(t) 7wlow 4
Xemr () = —e o2 — (57)
Wema — Wema — 25
Aom () = 1= ML) (58)
ot M) =0 X' =1
whieh g}
7 , —
3 N (E) = S
k low high
;-’- A7) =1=X"""(t)
wiow v ;Il/
AMv) =1 B9 @) =0

Fig. 5 Linear interpolation

5. SIMULATION

5.1. Simulation Condition

The proposed approach is validated by numerical sim-
ulations. A software application called GT-suite in Mat-
lab Simulink is used to simulate. The target vehicle speed
as shown in Fig. 6. The driving environment does not
consider traffic congestion, weather, or the grade of the
roadway. Case 1 is the result by the proposed method,
and Case 2 is the result by Rule Base.

R = diag(1.0x10781.0x10781.0x1078) (59)
= diag(1,1,1,1) (60)

5.2. Simulation Result
The simulation results of Case 1 and Case 2 are in-
dicated in Figs. 8~15. The actual vehicle speed is in-
tended to follow the target vehicle speed in both cases.
The soc is controlled within the constraints. By the pro-
posed method, the engine is operated at the optimal point.
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Fig. 6 Target vehicle speed
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Table 1 Simulation parameters
Symbol Parameter Value
Tem1 inertia moment of EM1[kg - m?] 0.0265
Tem2 inertia moment of EM2 [kg - m?] 0.035
Ieng inertia moment of enjine [kg - m?] 0.16
Rs sun gear radius[m] 0.30
R, ring gear radius[m] 0.78
Ry tire radius[m] 0.2982
Gy differential gear ratio 4.113
Ay vehicle frontal area[m?] 3.8
M vehicle weight[kg] 1460
Ly rolling resistance coefficient 0.015
Cyq air resistance coefficient 0.33
g Gravitational acceleration[m/ s?] 9.8
Rpait battery resistance[€2] 36
Chatt battery capacity[Ah] 6.5
Voe open circuit voltage[ V] 221.62
s0c0 the initial value of the soc[%0] 60
Eo fuel consumption coefficient 0.077
Ts sampling time[s] 0.02
Hy, predictive horizon|[step] 5
H, control horizon[step] 3
So battery coefficient -0.0007
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The fuel economy and soc of Case 1 and Case 2 are
indicated in Table 2. Case 1 improved 5.11% over Case
2. The soc is almost the same in both cases.

6. CONCLUSIONS

In this paper, we have proposed the fuel consumption
optimization for a power-split HEV via gain-scheduled
model predictive control. The proposed controller can
improve fuel economy over the Rule Base and express
the time-varying battery state. Also, the vehicle speed
and the soc is considered by the controller. But in the
case, we don’t consider about the engine characteristic.
These factors and the start time of the engine should be
considered in the future.
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Speed [rpm]

Speed[rpm]

Torque [Nm]

Torque [Nm]

Table 2 Fuel economy and soc

Case 1 Case 2
Proposed Rule Base
Fuel economy | 23.67[km/L] | 22.52[km/L]
soc 59.39[%] 59.21[%]
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