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Abstract

The next generation of fuel cell buses is being designed as an intercity transportation, increasing lifespan,
mileage and hydrogen consumption goals. This Matlab/Simulink modeling work simulates the power-
train of 2022 Beijing Olympic Games prototypes : polymer electrolyte membrane fuel cell powered
highway buses.

From vehicle’s speed to DC/AC switches state, the modeling includes several sizes and frequencies.
Methods employed for the modeling of each components and simple control processes are provided,
working points transitions and discretization effects are discussed, and examples of powers, voltages and
currents are displayed. Finally an energy flow diagram for the CWTVC driving cycle is given.
Keywords: bus, powertrain, fuel cell, AC motor, DC-DC

1 Introduction

Polymer electrolyte membrane (PEM) fuel cells have advantages of high efficiency, low noise and zero
emission, and are considered a major player of power sources in the future electrification of transporta-
tion [1, 2, 3, 4]. China has been developing its fuel cell city buses since 2001. The next generation of
fuel cell buses is being designed as an intercity transportation. This research work is carried out within
the framework of a National Key R&D Program of China. Several prototype high performance PEM fuel
cell powered highway buses will be manufactured and launched for the 2022 Beijing Olympic Games,
connecting Beijing and Zhangjiakou (200 km). Using the software Matlab/Simulink [5], this research
work focuses on the multi-scale modeling of such electric hybrid powertrain.The powertrain has the fol-
lowing architecture (see Fig.1): a fuel cell system, a DC/DC converter, an alternative path without DC/DC,
a battery, a DC/AC converter, a permanent magnet synchronous motor and a transmission.
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Figure 1: Powertrain structure of the intercity bus

The powertrain modeling will help in the design of oncoming manufactured buses. Requirement speci-
fications for the Powertrain System Research Group’s project emphasize a service life of more than 10
000h, with 1000h for the real vehicle test, a 0 to 50km/h acceleration time below 15s, a driving mileage of
more than 500km, a 30 minutes maximum speed of 100km/h and an hydrogen consumption of less than
8.0kg per 100km. With a 80kW rated power, the fuel cell engine is expected with a maximum efficiency
superior to 55% (including the DC/DC) and also with a low temperature start.

The simulation sample time makes possible an investigation of high frequencies and discretization in the
motor drive control, power demand ap{)ortionment and battery and fuel cell working points. To this end,
characteristic curves for several control steps have to be defined, specific parameters have to be identified
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in this process of powertrain design, and effective limitations have to be evaluated.

The modeling deals with different sizes and frequencies (see Fig.2). The bus’ speed and the battery
state of charge (SOC) are relevant with respect to a half-hour driving cycle while switching of the DC/AC
converter gates on a period of 100us. The simulation higher frequency is a compromise between time
computation and model precision. To enhance the fuel cell durability, the fuel cell working point has to
be changed smoothly whereas the battery shall meet the needs of power demand, achieving the driver’s
input. Using averaged currents and voltages for electrical motor drive or reducing the focus on specific
powertrain components may dim the link between low frequency factors or components and high fre-
quency ones. This modeling shall determine the relevant driving demands for power, torque, acceleration
and braking. At the same time the corresponding specific electrical behavior of powertrain components
will be determined. The model will also show where the round up and discretization factors are, what
the numerous swift demands for relevant driving are, etc.

Characteristic Size

Vehicle (bus)
L Speed, Acc.
Battery
SIS Fuel Cell Stack
Driver Three Phase Inverter
Acc., Dec. pedal DC/AC Simulation
Gearbox Electric Motor . SVPWM frequency Higher Characteristic
Gear shift Frequency  Frequency (Hz)
0.01 0.1 1 10 102 103 104 105 108

Figure 2: Characteristic sizes and frequencies for the whole powertrain, a multi-scale modeling

At first, details and equations about the modeling of each components are given. This includes the eval-
uation of the torque at the wheel according to the bus size, a description of the DC side electrical circuit,
the characterizations of the fuel cell and battery, the equations of the permanent magnet synchronous mo-
tor and an identification of the required motor parameters. Then three control parts are described : (1) the
main control loop via the driver pedals travels yielding at the end the target motor torque; (2) the drive
motor control including the command of motor currents and DC/AC converter gates switching pattern
with space vector pulse width modulation (PWM); (3) the control of the power demand apportionment
ensuring the fuel cell slow changes and the command of the DC/DC converter with PWM. Finally three
examples of the simulation results are shown and explained. An energy flow diagram of the powertrain
is given for a specific high duty vehicles driving cycle.

2 System and Models

2.1 Torque at the wheel

The transmission between the wheel and the motor increases the torque by a coefficient ¢ equal to 34.75
for vehicle speed below 52 km/h and 13.9 above that. The maximum vehicle speed is 130km/h resulting
in a maximum rotor speed of 1057rad/s. T is the motor torque and «y, the slope of the road.

dvy .
Te,wheel - Rwheel * [6 Myeh % + Muyeh g fT‘ COS(Oégy-) + Myeh g Sln(agr) + cw Aveh %U?Jeh]
Te,wheel =1 n Te (2) Wmotor = { Wawheel
Table 1: Bus parameters for the road resistance force
Vehicle’s mass Moyeh 18000 kg Main profile of the vehicle Aven 8.16 m?2
Rolling coefficient fr 0.012 Inertia coefficient e 1.05
Drag coefficient Cw 0.65 Wheel radius Rynheer 0475 m
Air density PL 1.2258 kg/m?  Efficiency of the transmission n 0.99
2.2 Electrical Circuit

Switch So

Table 2: Components values

Rlosses L =50uH
=SV
Fuel _L Three Cl1 = 500uF
. = 1%
Cell Switch Sy C -Battery Cy| Phase
Stack % Inverter C2 = 1500pF
;ﬁL Rlosses =5m2
- Viiode = 0.8V

Figure 3: DC side of the electrical circuit in the powertrain

The battery directly constrains the voltage of the drive-train. As for the fuel cell, the electrical circuit
implements both a load-following mode and a DC/DC mode. The DC/DC is composed of a large capacity,
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a diode, an IGBT switch S1, a medium inductance L and a small resistor to model the losses in the con-
verter. The nominal voltages of the fuel cell and the battery are such that the DC/DC voltage gain is quite
small (inferior to 1.5). By closing the switch S2, a direct path is made and the voltage of the fuel cell
is equal to the battery voltage (minus the diode voltage). The fuel cell and battery power deliveries are
then dictated by the motor drive control. Opening the switch S2 and controlling the unidirectional boost
DC/DC placed next to the fuel cell transforms the fuel cell voltage into the battery voltage. Higher power,
which leads to lower voltage, can then be requested from the fuel cell. Thanks to this configuration, the
working point on the fuel cell characteristic curve can be managed; a flat power demand is targeted to
enhance the fuel cell life durability. The inductance is placed before the point of bifurcation to smooth
the fuel cell current in both cases. Thanks to the diodes D1 and D2, no current is allowed from the battery
or from the motor (regenerative braking) in direction of the fuel cell. In theory nothing prevents the
motor drive control from inducing current step changes in the DC side. The capacity C2 smooths the
demand power for the sources.

2.3 Fuel Cell and Battery

With the help of Matlab/Simulink tools, the previously depicted electrical circuit is easily linked with
blocks modeling the fuel cell, battery, three phase inverter and synchronous motor. The characterization
of fuel cell and battery is based on the project current selection.

The fuel cell current and voltage are set using a characteristic curve derived from a sample of experimen-
tal data. The open circuit voltage is 580V. The voltage curve shows a sharp decrease and then a lower
rate decrease as the current increases. iy, and vy, are the quantities which correspond to the fuel cell
inputs into the electrical circuit as seen in Fig.3. The fuel cell would deliver a maximum power 4 ;.vy.
of 80kW. The Matlab model takes into account the open circuit voltage minus the activation overvoltage
and ohmic losses.

The battery is characterized by a nominal voltage at 518V and a rated capacity at 78Ah. The voltage is
higher when the battery is charging (is.<0) than when is discharging (i,..>0). The battery voltage in-
creases with the battery state of charge. The fuel cell and battery working points for the CWTVC driving
cycle are shown Fig.4 and Fig.5.
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Figure 4: Example of some fuel cell working points Figure 5: Example of some battery working points

2.4 Interior Permanent Magnet Synchronous Motor

First the motor torque T, is expressed using d,q quantities. Then the proper working points are ex-
pressed to guarantee the current and voltage limits. Afterwards parameters which are needed for the
Matlab/Simulink model block are identified. Finally the working points are adapted to keep the motor
power below 150kW.

24.1 DQO Transform

The DQO transform is the substitution from the coiling of phases a,b,c whose magnetic axis are idle in
regards to the stator, with two imaginary coilings d,q whose magnetic axles are cohesive with the rotor.
The three-phase AC quantities v,vp,0. and 7,p,i. are turned into two DC quantities v4,v4 and i4,i4. The

amplitude invariant DQO transformation matrix is given as below :

Cos(aelec) Cos(eelec - 2i) COb( elec — ir )
Tug0 = 3| sin&&elec) — sin(@ellec -=) - sm(Gellep - ?’T) ()
2 2 2

2.4.2 Electromagnetic torque 7,

The angular rotor speed wmotor Of @ multipolar triphase synchronous machine is related to the electrical
angular speed weje. by nb,, the pairs of poles, wejee = Nbp Wimotor. The DQO transform diagonalizes the
inductance matrix and with ¢ ; the amplitude of the flux induced by the permanent magnets of the rotor
in the stator phases and Lg4,L, the d,q axis inductances, we get :
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by = Lgiqg + <I>f (@) (I)q = Lq’iq (6)
For an interior permanent magnet synchronous motor (IPMSM), La < L, (7)
With R, the stator windings resistance :

di
3 Vd = Ld% - welechiq + Rs Z.d (9)

T, = inbp [‘I)fiq + (Ld — Lq)idiq] (8) di
Vg = Lq—t + Wetee(Laia + @5) + Roig  (10)

2.4.3 Wide Speed Motor Operation

An IPMSM has several operation speed range domains. The working points are adapted to deal with the
current limit condition and voltage limit condition :

Z.s,maac > \/ 23 + 1121 (11) Us,max > \/ Uﬁ + U(? (12)

From (9) and (10), in steady state and with the resistance R, neglected, the voltage limit condition is:

w < Ysmaz 13

A= Tdia + ©1)2 + (Lyiq)? (13)
In the plane (i4.i,), the voltage limit condition is an ellipse of center ( _L—(I;ﬂ 0) whose area decreases as
the speed increases (see Fig.6). Ideally the working points (ig4i,) are chosen with the smallest stator
current ¢4 (equal to /32 +2). For low speed, getting the smallest stator current defines a characteristic
called the Maximum Torque per Ampere (MTPA) [6]. In the plane (i4.i,), let us call point A (i4 4.i4,4)
the intersection point between the MTPA curve, the current limit condition (s ;.. radius circle) and the
voltage limit condition (ellipse). weiec, 4 is the maximum angular electrical speed of the constant torque
region. Below we;c., 4, the working point (i4,i,) evolves along the MTPA curve, expressed by :

. CI)f (I)} )
= - 14
iq 3Ty — L) \/4(Lq—Ld)2+Zq (14)

Above weiec, 4, the flux weakening strategy is used. The effective stator flux linkage ®,, expressed by (5),
is reduced with negative d-axis stator current 7.

With the assumption the working points are chosen at the border of each voltage limit ellipses to obtain
the smallest stator current, with (8) and (13), constant P,, power curves could be expressed by:

3 Vs max - 3 Vs max -+ Lg—Lg)ig Lgiq
(32522230)(Ly — La) + La| = Lqy/ (3 2g21)2(1 + (Leghadinyz)  (Lghaye
|(3222i)(La — L) — I3
The form of the constant power curves changes in function of ®¢, Ly and s mas [6]. The following
equality is chosen : O = Laismas (16)

Moving along the current limit curve (is .4, radius circle) and only decreasing the torque to match the

voltage limit condition gives the maximum reachable torques at high speed, that is to say the maximum
reachable powers P,,. The current limit curve is expressed by :

Loy — L3} + (L3 = L3)(L3i2 1oy + @3 — (222)2)

. Welec
1d =
)

w

N

iqg = Py (15)

a7

2.44 Motor Parameters Identification
Table 3: Project specifications for the motor

Maximum Power P, ;42 150 kW (designed for 180 kW)
Interior Permanent Magnet | Maximum Torque Tt maax 1500 Nm
Synchronous Motor Pairs of poles nb, 8
(IPMSM) Base angular rotor speed Winotor,4 = P, maz/Temaz 100 rad/s (designed for 120 rad/s)
Base angular electrical speed weiec, 4 = 10y Winotor, A 800 rad/s (designed for 960 rad/s)

Starting from Table 3 and the previous equations, it is possible to solve for lacking parameters. In an-
ticipation, a cross-reference has been conducted with pre-simulations - to know more about i, 4, and
vs,mae dependent of the powertrain’s electrical circuit - and with earlier experimentation data on similar
IPMSMs - to get R, and to know more about the ranges of L4, L, and ®;. By expressing (iq 4,iq,4) in (8),

(11), (12) and (14), adding some limitation on the parameters range and respecting (7) and (16), we get all
the motor parameters.
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Table 4: Identified Parameters
®;=0.18 Wb R,=0035 Q2 L;=0335 mH L,=0.665 mH
1g,4=-270 A 154 =4645 A 1540 =535 A Vs mae =306 V

2.4.5 Voltage limit ellipses, constant torque curves and constant power curves

q-axis current i,

1500

——MTPA

current limitation

voltage limitation wieror,a = 120 rad/s

T~ 4300 - - --voltage limitation wp,t, = 180 rad/s

RN -~~~ voltage limitation Wyt = 360 rad/s
voltage limitation wyer = 720 rad/s

® point A

400

. . . . i . )
-600 -500 -400 -300 -200 -100 0 100 200 300
d-axis current iy

Figure 6: MTPA curve, current limitation and voltage limitation in function of Wyt in the plane (24,24)

The specific application we have for this motor iS Tewmotor < Pm,maz With P, maz = Te AWmotor, A-
With the knowledge of the actual motor speed, for example equal to 180rad/s (see Fig.7), the voltage
limitation ellipse is known. Taking the maximum achievable torque with the working point at the current
limit curve gives the power equal to 220kW, superior to Py, 4. The torque which corresponds to the
P, maz constant power curve is 1000Nm. In practice, in the plane (i4,i,), all the motor working points
would belong in the area defined between the MTPA curve and the P,, ,,4, constant power curve.

constant torque curves constant power curves
-axis currefit 7, -axis current ¢,
q ) FTPA ravds 4
P 500
current limitation , MTPA
. . . I
- - - - voltage limitation wy,etr = 180 rad/s i “' 1‘100 current limitation
constant torque curve T, = 538Nm ; j‘ ! —-—-—.— constant power curve P,, = 97kW
constant torque curve 7, = 750Nm ’ 300 constant power curve Py, = 135kW
constant torque curve T, = 1000Nm H ; ! —.—-=-— constant power curve P, . = 180kW
constant torque curve T, = 1127Nm ! / d 200 |__._._ constant power curve P, A: '220kVV
constant torque curve 7, 0, = 1500Nm 4 e -
e 100
J C -
'
1
-600 -400 -200 0 200 -600 -200 0 200
d-axis current iy d-axis current i4

Figure 7: Comparison of four working points with the constant torque and constant power curves

3 Powertrain Structure and System Control

The motor torque and the fuel cell working point are controlled with the DC/AC gates and the DC/DC
switch. Three control ]parts are described : the main control loop resulting into the torques commands,
the drive motor control computing the DC/AC gates states (Fig.8) and the power demand apportionment
managing the DC/DC switch and the transition with the load-following mode (Fig.9).

Useh Buce I d Vd Uref DC/AC
Driver | Bprk | Torque Target | %q |Current| Yq | Inverse | Qref o R
_Yveh |Model Demandj Currents| Control Transform

Wmotor Tpn,<0 id7 iq Welecy Vde eﬁlcc carrier

Figure 8: System control blocks : Main Control Loop and Drive Motor Control

Ubat switch
P JFuel Cell Pjes Fuel Cell |v fc,tgj Load-following or Step-up mode| .52 D ?/h Dg;
SOC Power “™% Characte Lfertg D PWM —SWHE (S1)
| Demand -ristic
Lfc, Ufe, Ubat carrier

Figure 9: System control blocks : Control of the Power Demand Apportionment

3.1 Main Control Loop

3.1.1 Driver Model

The driver model is a simple closed control loop : a PI applied to the difference between the desired
vehicle speed and the current vehicle speed and two saturation blocks. The acceleration pedal travel S,..
and the deceleration pedal travel S, are both expressed between 0 and 1.
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3.1.2 Torque Demand

The bus combines a conventional pneumatic brake and a braking recovery system. The pneumatic brake
torque T, <o 1s directly applied at the wheel when the motor torque T is increased with the gearbox.
A function g of the rotor speed w00 1S defined such that :

for wiotor < 10rad/s, g(wmotor) = 0; TOT Wiotor > 50rad/s, g(wmetor) = 1 and g linear in between.
The demand motor torque and the pneumatic braking torque are computed from the driver’s pedals (...
and Sp-,. The maximum pneumatic brake is 16000Nm.

P, :,<O = (_1)ﬂbrkg(wmotor)min(wvTe,mar) (19)

e*,>0 = ﬂaccmin(wa Te,maz) (18) Wmotor
Wmotor Tpn,<0 = (71)Bb7’k‘Tpn,maz| (20)
Rate limiters are applied on the torque demand to prevent current peaks. For T¢ -, the rate is 4500Nm/s
for acceleration and 6000Nm/s for deceleration. For regenerative braking the rate is 6000Nm/s and
10000Nm/s to stop. Without the function g, constrained by the rate limiter, some unwanted braking

torque may cause speed error and fast changeovers between accelerations and decelerations. Fig.10
shows the small acceleration and motor regenerative braking with and without a rate limiter.
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Figure 10: Torque demand with and without a rate limiter

3.2 Drive Motor Control
The motor control algorithm is a field-oriented control (FOC).
3.2.1 From the Target Torque to the Target Currents

As mentioned, the target currents are dependent of the torque demand and the motor speed. Fig.11 and
Fig.12 illustrate the 2D lookup tables used to get (i}.i;) from (T, wmotor). The motor currents evolve along
the MTPA curve for low speed and in the area defined between the MTPA curve and the P, ;.. constant
power curve for high speed. Some part of the matrices are empty, corresponding to excessively high
powers. To place the working points inside the ellipse and not at the limit’s border, some margins are
taken like using the currents defined for a higher speed voltage limit. To make things easier when the
voltage ellipse area becomes quite small, at very high speeds, the currents are chosen along the constant
P, maz power curve. For regenerative braking, i, takes the sign of T, and an another motor quadrant is
in this way defined from the same look up tables.

2D lookup table ig = fc(T,,wy,) 2D lookup table 44 = fc(T,,wn)
< o
- ¢ 400
§ -500 -5
o -
= o : 200
—
=
° 0
0
1500 1500
1000 500 1000 1000 500
0 T, (Nm) 0 T, (Nm)
Winotor (rad/s) Winotor (rad/s)
Figure 11: 2D lookuptable for the d axis current Figure 12: 2D lookuptable for the q axis current

3.2.2 Current Control

The actual motor currents i,, iy, 7. are transformed into d,q quantities with the DQO transform (4). The
current control is mainly two PI regulators with the inputs 4., — iq and i, ., — i, (the feedback control
part). The cross coupling components terms —wejecLqiq and wejec(Laiq + @) in (9) and (10) should be
taken into account in the computation (the feedforward control part). Implementing the current decou-

pling has a very good benefit of limiting harmonic distortion. Two anti-windups are added here to deal
with integrator windup risks due to the voltage limiter.
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The current control computation with PIs, anti-windup and feedforward part are illustrated Fig.13.

Voltage Limiter

Ud,t v v

19 ) v € [<1,1]) x e x —ial d
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qtg q ) V3 q

/2 2
Ud,tg +Uq,tg

2 2
for V19t Vartg #0

Figure 13: Chart flow to implement the current control - with current decoupling and voltage limiter [7, 6]

3.2.3 Inverse Transform

The DQO transform is the product of the Clarke transform and the Park transform. The inverse Park
transform is applied here to get from the d,q voltages the needed quantities for the Space Vector Pulse
Width Modulation.

|:ua:| _ |:COS(96lec) - Sin(eelec) (1) Uref = /fu% + u% (22) Qref = atanQ(uﬂ7 uu) (23)

ug sin(fejec)  c0S(Oerec)

3.2.4 Space Vector Pulse Width Modulation

A three phase inverter is composed of six switches (see Fig.14). Two switches make one leg and open
and close in complementarity. Commonly, a large capacity C is placed between the real source and the
three phase inverter. The load is supposed to be balanced. By switching properly the gates, an AC source
could be implemented from the DC source. The voltage will have a square waveform but with a high
enough switching frequency, the voltage would be a good enough approximation of a sinusoid. The eight
inverter states are expressed as a binary code of the top switches (S1 S3 S5). Two space vectors are zero
vectors, Vy and V. Non-zero vectors form a regular hexagon in the plane (Re,/m) (see Fig.15).

V3 010) "™ v (110)

lasipste Vi (011) /| Vi (000) Vi (100)

\Qref

DC
Vde = Cc2
— o V7 (111)
Source S4 52@: 52@: Re

Figure 14: Three Phase Inverter with a large capacity C V5 (001) | V5 (101)
Figure 15: Spaces Vector Representation

lde

The space vector pulse width modulation (SVPWM) consists in rotating a reference vector v,y around a
state diagram composed of the six non-zero vectors Vj, [8]. The reference vector rotates at the frequency
f = weiee/2m and passes through each sector. The frequency of the SVPWM (10kHz) is very large com-
pared to the frequency f obtained in the sinusoidal approximation. Along one period of the SVPWM T,
the reference vector v, is fixed. The angle «,..; determines the sector number and v, is approximated
with the two state vectors of the sector. ¢, and ¢, are the required on-time of the active-state vectors V},

and Vk’ .
k—1 k t ty —
sector number k : (k=) < Qref < r (24) 'lTe} =2V 4+ 2V (25)
3 3 T T

A symmetrical pattern is chosen (the second half of the period is a reflection of the first half). The du-
ration of the zero vectors (to1 + to2) is the remaining time (7 — t, — ;). To reduce the switching power
losses, the inverter’s switches are turned on and off in an optimized pattern, at each time only one bridge
arm is switched. This means that somethimes Vo Vi Viey1V7Vit1 Vi Vo 18 replaced by Vo Vi1 Vi Ve Vi Vi Vo.

The inverter’s gates switching occurs only at a time proportional to dt, the smallest sample time of the
simulation. Then ¢,/2, t,/2, to1/2 and ty2/2 are computed proportional to dt.
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Table 5: Table 6: Angles o, and «y, for the
Optimized switching patterns required times t,, t; calculation

—
Sector  Switching Pattern t, = V3T, |Oref| cos(Qref + aq)  (26) Sector Qa ap
1 VoViVaVrVaViVy Udc 1 w/6  3mw/2
2 WoVaVaVrVaVa Vo V3T |v—> 2 /6 1lm/6
3 VWaVaVaValsl %=4—fﬁﬂaMmq+mJ(ﬂ) 3 3n/2  51/6
4 VoVsVaVeVaVsVa de 4 r/2  Tn/6
5 VoVs VeV Ve Vs Vo 5 57/6 /6
6 VoW1V Ve VeViVo 6 117/6 /2
V3 (010 S L Vo (110
to1/2 3 (010) 2 (110)
ST — Ty A W i) D
-~ . I/ I ey N
ta)2 vioiy / T+ == \vi (100)
§3 ——=—= toy/2
<>
tp/2
S5 = Vs (001) Vs (101)
Figure 16: Example of switching sequence (sector 1) Figure 17: Switching patterns for the six sectors [8]

A carrier, a saw teeth signal of period Ty, is used to determine the step changes for the gate signals. With
Vpeak = 2v4./7 the peak value of square voltage wave, the modulation index m is |1Tef>\ /Vpear- Three
operation domains of SVPWM exist, sorted by the modulation index: the undermodulation, overmodula-
tion mode 1 and overmodulation mode 2. The undermodulation region is the inner circle on Fig.15. The
SVPWM method is often chosen in order to achieve minimum harmonic distorsion and a more efficient
use of the DC supply voltage. However each modulation region has its own algorithm and only the un-
dermodulation region algorithm is implemented in this current work.

3.3 Control of the Power Demand Apportionment

3.3.1 Fuel Cell Power Demand

The fuel cell fulfills the average power requirement of the electric motor and the compensation power
for the battery charge sustaining, function of soc;, — soc [9]. A flat power demand enhances the fuel
cell durability then the high frequency part of the load demands will be managed by the battery. The
fuel cell power demand is bounded between 0 and 80kW and filtered with a second order low pass filter.
From the power demand Py, ;, and the characteristic curve, if needed, the current i, ;4 and voltage vy 44
are determined from lookup tables. Estimations of the DC/DC efficiency 7, and the inverter-and-motor
efficiency 7,, are used in the computation loop.

Second ord
50kW Promp + 11a80kW ceone oreer Fuel Cell
SOCy 30kW I — |\ low pass filter — L — Power Demand
~S0C (%) 15kW '
0kW 0kW % Preytg
015  50% Tuwn  OKW 7,80kW

Nm

Figure 18: Steps for fuel cell power demand computation

3.3.2 DC/DC Converter

The rated voltage of the sources are close enough to only require a low voltage gain converter : the duty
ratio is always below 0,3 and the gain vy.¢/vs. below 1,4. For higher voltage gain, further analysis would
have been conducted to model the losses. The fuel cell is typically a low voltage high current source,
the DC/DC losses can be roughly modeled by losses in a resistance, Riossesi7.. This modeling holds the
conventional step-up topology despite the retaining of large voltage stress across the switch and large
blocking voltage for the output diode.

In the literature, the duty ratio of a step-up DC/DC converter is classically computed from:
D=1-"in (28)

Vout
For this specific circuit, v, is the present battery voltage vyq+ and vy, the target fuel cell voltage vy, vq.
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However, an other duty ratio computation shows better simulation results [10]:
d tin
dt
1 Vin — UL tg Ki
b=l=—r GO Vitg(s) = (K + =) intgs) = L) G2
Vout = Vbat> Vin = Ufe, bin = ifc and 45, 1 = %tc,1q, the targeted changes are expressed through the in-
ductance voltage vy, +, and the PI parameters are adjusted. With a fixed simulation sample time at 2us
and the PWM period at 100us, the duty ratio is discretized. The computed duty ratio is round up to the
nearest, more or less 0,02.

Using (30) and (32), the closed control loop costs a duty ratio signal with more oscillations but achieves a

smoother fuel cell voltage. See Fig.19, the duty ratio from (28) is a really nice curve but the discretization
hac a had effect an the vnltace

Comparison of two duty ratio computations After discretization D +/- 0.02 Comparison of fuel cell voltages
0.25 0.25

v = Dvin - (1 - D)(Uout - U?n) (29) vy = L (31)

----Voltage target for the fuel cell
vy for D =1~ (vge — vrtg)/Vbat

o
N

0.2

(=)
A = — vpe for D =1 —vjeyy/Viat
o = >
-2 015 - 015 < 500
< = &
- ] ]
g‘ 0.1 ) 0.1 % 490
/A ——D =1~ (vse — v4g)/Vbat % ——D =1- (vje— vLtg)/Vbat =
0.05 D=1- ) Z 005 " 480
= e/ Vbat A ——D =1 —Vfe19/Vhat
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Figure 19: Comparison for two duty ratio computations

3.3.3 Load-following Mode or Step-up Mode

A controlled apportionment of the power demand between the fuel cell and the battery is only feasible
through the control of the DC/DC. With the direct path, the fuel cell working point is driven by the load.
With the step-up converter, the fuel cell voltage drops under the battery voltage and is controlled with
the duty ratio. The transition from one to another mode (load-following or DC/DC) is based on the com-
parison between the target fuel cell voltage and the battery voltage. The switch S2 is flipped as follows:

52 =1 Vgiode + Vbat < Vfe,tg (33)
The gate signal of switch S1 is built with the duty ratio, a saw teeth carrier and the complementary of S2.

3.4 Multi Scale Modeling

With the help of Matlab/Simulink zero order hold and rate transition blocks, parts in the model are oper-
ating at different rates. The sample time is 2us for the electrical variables and converters gates, 1ms for
the driver model, gearbox and vehicle dynamic, 100us for the d,q quantities and 500us the motor torque
command. With these rates, the simulation quickly reaches a point of storage shortage. A 1800s mod-
eling is achieved by concatenation of the desired data, in practice using 20s samples. The computation
time is around four hours with an Intel i7 2.6GHz computer.

4 Simulation

With the components modeled and the control algorithm previously introduced, this work is now a tool
to link powers, torques, currents and voltages on the one hand and battery and fuel cell behavior for long
driving cycle on the other hand.

4.1 Example 1 : a small acceleration and braking

Fig.20 shows how the battery and the fuel cell react for a small acceleration and regenerative braking.

«10° Power (W) Voltage (V) 2001 Current (A)

7777777 Target Fuel Cell Current if.s,
Fuel Cell Current i,
Battery Current i,

7777777 Target Fuel Cell Voltage v/,
Fuel Cell Voltage vy
Battery Voltage v

200 -

600

100 -

AU

R ——

550

-100 1

Load Power Tywpoter
I PR Target Fuel Cell Power Py,

Fuel Cell Power Pj,

Battery Power P

- - - - Bat. Charge Sustaining Power P,

-200 -

-300 [

3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7
Time (s) Time (s) Time (s)

1 2

Figure 20: Powers, voltages and currents for a small acceleration and braking (P init = 20kW)
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The target fuel cell power increases slowly (low pass filter at 0.05Hz). The load power is initially null
and the fuel cell delivers power to charge the battery. During the acceleration process, the load power
reaches 150kW. The battery fulfills this power demand minus the present fuel cell power. The battery
current increases and the battery voltage drops. The fuel cell current and power carefully follow the
targets, while the fuel cell voltage has a small gap of 2 or 3V with the voltage computed from the fuel
cell characteristic curve. The battery charges again thanks to the fuel cell and the regenerative braking
power, increasing the voltage and decreasing the current.

4.2 Example 2 : CWTVC driving cycle

The CWTVC driving cycle is an example for
heavy duty vehicles. First the vehicle speed
matches very well the target (Fig.22) at the cost
of an uneven motor torque demand (Fig.23).
When the vehicle speed reaches 52km/h, the
gearbox switches the ratio and the rotor speed
has step changes (see Fig.24 at 105s, 675s,
709s, etc.). For this example the initial battery
SOC is 45%, below the target SOC,,. The
fuel cell gives more energy to recharge the
battery but starting from 1200s, more torque is
requested and the battery is depleted (Fig.25).
Due to cross coupling components, the g-axis
voltage v, is sensible to the large changes of i,
and the gearbox shifting disturbs the d,q axis
voltages (Fig.26 and Fig.27). i, is here always
below 120A, that means the area close to point
A is not used in this example, the torques are
quite low due to the rotor speed range. v, and
v, reach both positive and negative values : v,
lies between -220V and 61V and v, between
-14V and 254V.

———MTPA curve

current limitation

-~ constant P, ,.; pOWer curve

working points
point A

q-axis current | 4, |

-500 -400 -300 -200 -100 0
d-axis current i,

Figure 21: d,q motor currents working points in the
plane (i4,iq)
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Figure 22: Vehicle speed (km/h) [target,actual]
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Figure 23: Electromagnetic Torque T, (Nm)
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The voltage battery vy, is equal to the DC source voltage vgq.. This modeling gives a tool to examine
the DC/AC inverter and motor drive quantities without having the simplifying assumption of a steady DC
voltage source (Fig.28). For this example, the fuel cell is used to charge the battery. This makes the fuel
cell voltage lower than the battery voltage and the direct path is almost not used. With v, and vy, close

enough, the voltage gain is below 1,25 and the duty cycle below 0,2 (Fig.29).

High frequencies load are deemed less harmful for the battery than for the fuel cell stack. Still the ob-
tained changeovers are very demanding for the battery (Fig.30). The fuel cell power has effectively a
low frequency behavior (Fig.31). However a steadier power command could be well received, further
adjustments could be wished in the modeling control part.

The energy from/to each components in the modeled powertrain is shown Fig.32. First, the braking re-
covery is a little less than expected. Second, the estimated losses for the DC/DC, battery, inverter and
electric motor are reasonably low. Thereafter, regarding the battery, more energy is given to than taken
from the battery (12,3MJ for 1800s), which corresponds to a rise of 7.2% for the SOC. This modeling as
of now only takes into account the fuel cell current and voltage at the left side of the electrical circuit
given Fig.3. Achieving an efficiency superior to 55% (including the DC/DC) imposes having the fuel cell
engine efficiency superior to 0,56. The fuel cell engine delivers at the electrical circuit input a maximum
power of 80kW. This means the fuel cell stack gives before a higher power to deal with the accessorial
stack components like the cooling fans and water pumps.

1 181.5MJ

! - \»
szWWMMwU WWWU | Fuel cell engine

L
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. n=0.56

Hydrogen Energy

time (s)
Figure 28: Fuel cell and battery voltages 1 101.6MJ v 790MJ

discrete duty ratio D

200 400 600 800 1000 1200 1400 1600 1800 ’]7 = O 983 LOSSCS
time (s) N
Figure 29: Discrete duty ratio D 1 99.1MJ EQQMJ
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Figure 30: Battery power (W)
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ime (5) Figure 32: Energy flow diagram
Figure 31: Fuel cell power (W)

Conclusion

This work presents a multi-scale modeling for a fuel cell highway bus prototype. It is mainly expected as
a relevant simulation tool to access the powertrain currents, voltages, powers, torques, speeds, switches
states, etc. This article reports the main methods and control parts usable to redo such a modeling. From
vehicle’s wheel to converters switches, this modeling work includes several sizes and frequencies. The
components models work at different rates to deal with this modeling inherent problematic. The motor
is powered by two different sources, therefore a power split strategy algorithm 1s defined, respecting as
much as possible some safeguard principles for the preservation of the fuel cell system lifespan. Further
measurements and tests would be used to improve this simulation tool, by comparing modeling results
and experimental data. A more sophisticated model would also be implemented for the fuel cell stack
and the battery.
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