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Speed Control of Fuel Cell Driven PMSM using
Sliding Mode Control Based IDDB Converter

J.S.V.Siva Kumar, P.Mallikarjuna Rao

Abstract: The concern over greenhouse gas emissions and
their relation to global warming is one of the main reasonsfor the
introduction of electric vehicles into the market. This paper
discusses the design and simulation of the fuel cell-based eectric
vehicle. These FCEVs are "Rechargeable Energy Storage
System” (RESS) and provide better acceleration along with
regenerative braking aswell. The output voltage of thefuel cell's
stack issignificantly low, then expanded by using the sliding mode
control I nterleaved Double Boost converter. The boost converter's
increased output is given to the inverter to get AC to run PMSM.
Using the Space Vector PWM process, gating pulses are given to
theinverter and the inverter output is provided to the PMSM drive
through the LC filter to minimize ripples in the inverter output.
Simulation approachesuse MATLAB / Simulink to determine the
results

Keywords : Fuel cell system, IDDB converter, Sliding Mode
control, SPVPWM, PMSM, electrical vehicles.

. INTRODUCTION

Transportation accounts for amost 40% of al
greenhouse gas (GHG) emissions. The move to cleaner Fuel
Cell Electric Vehicles (FCEVs) would bring significant
benefits to our cities from air quality and climate. Such
hydrogen-fuelled vehicles contain 30 to 60% less GHG
emissions than conventional cars and do not emit toxic air
pollutants. FCEV's are much cleaner than cars powered by
gasoline and diesel. Smog and GHG emissions are created
when gasoline or diesel fuel isburned inacar or truck. FCEV's
are a "zero-emission vehicle" ensuring that no tailpipe
emissions of harmful air pollutants or GHGs are produced.
Now, FCEVs achieve dightly lower air emissions cuts than
pure electric battery vehicles. Due to their important
characteristics, PEMFC is given priority for use in electric
vehicles compared to all forms of FC systems laterally with
operating temperatures at lower levels [1]-[7],. The output
Power developed is of any watts to approximately hundred
kilowatts and the open circuit becomes an obstacle due to
PEMFC.

The voltage output in the single cell isamost 0.8V to
1.2V. These cells are connected in series / parallel to obtain
high voltage and power. Furthermore, these sources often vary
considerably with changesin load.
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Asaconsequence, to raisethe voltage and protect the fuel
cell system from load variability, a step-up DC-DC converter
must be connected between the fuel cell and the DC bus. In
some cases, there is a need for a higher voltage gain so the
traditional boost converter is not enough. In particular, Many
researchers focus on a non-isolated topology with a higher
voltage gain called the IDDB converter[8],[9].

Sliding mode control has been commonly used in linear
and nonlinear systems with uncertainties and disturbances due
to its decoupling and disturbance rejection features.

For the EV's, more efficiency, low volume, lower weight,
and low cost are the conditions needed for an electrical drive.
Now a days a PMSM drive with higher performance
compared to AC motors such as high speed, torque and
efficiency values [10]-[12]. PMSM drive's main drawback is
the ripples in the torque. It won't give any significant
operation because of these ripples. Better speed control is
achieved, ripples are also minimized and gating pulses are
aso generated by the Space Vector Pulse Width Modulation
for the inverter switches.

This paper is structured as follows: Fuel cell modeling,
the next section focuses on the average modeling of IDDB
converter with gliding mode controller and PMSM operated
by SVPWM and it is tested under no load and different load
conditions such as step, repeated step and ramp load. The
conclusions are finally given.

II. PROPSED SYSTEM

Figure 1 displaysthe block diagram of fuel cell-based electric
vehicle. It includes a fuel cell, a DC-DC boost converter, a
VSl fed PMSM powered by SVPWM. Single fuel cell's
output voltage is amost 0.8V to 1.2V. For high operating
voltages, it is therefore appropriate to combine number of
cellsinseries/ parallel. Inthis paper, the output of the fuel cell
stack is almost 60V and thisis increased to nearly 500V DC
by using the sliding mode controller [10] controlled IDDB
converter to get controlled output.

Suggested to achieve high operating voltage in this paper
IDDB converter with closed loop operation, diding mode
controller is used as controller in feedback circuit. In this
paper IDDB [ 8],[9]converter output isamost 500V whichis
input to Inverter to convert this DC to AC voltage. By
connecting PMSM via L C filter, theripplesin AC voltage are
minimized and the gating pulses for the inverter switches are
generated using the space vector pulse width
modulation[3],[4].
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Fig. 1. PMSM Drive based on fuel cells

[Il. MODELLING OF THE FUEL CELL SYSTEM

Fuel cell is a device that is usually used to convert to
electrical energy the chemical form of energy. We can
normally use different types of fuel cellsin electric vehicles,
but PEM fuel cells are more criticadl because of their
high-power density temperature operation. The clear diagram
of PEMFC isshowninfig.2
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Fig. 2 PEM Fuel Cell

The proton conducting solid PEM is the nucleus of the
cell. It is surrounded by two plates, a diffusion layer and a
layer of reaction. The hydrogen diffuses through the anode
and the diffusion layer up to the platinum catalyst, the reaction
surface, under constant supply of hydrogen and oxygen. The
reason for the current of diffusion is the tendency of oxygen
reaction to hydrogen. In the fuel cell there are two main
electrochemical reactions. One at the anode, and one at the
cathode. At the anode, the reaction rel eases hydrogenions and
electrons that are critical for the production of energy. On its
way to the cathode, the hydrogen ion travels through the
polymer membrane, while an external loop is the only
possible way for the electrons. The hydrogen ions react to
water together with the outer electrical circuit electrons and
the oxygen that has spread through the porous cathode.
H, >2H" +2e (1)

Reaction at Anode :

Reaction at Cathode : 1O2 +2H"+2e > H,0 (2
2

Completereaction :

H2+%Oz—>HZO 3

The output voltage developed at fuel cell is quantified by
using Ohms law and Nernst’s equation.
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V,.=E-V,, -V,

ohmic

-V, (4)

conc
Where E is Thermodynamic reversible potential

V. isactivation over voltage

V

ohmic

V_one i Concentration over voltages

And all these values are measured by using below formulas

is Ohmic voltages (Vohmic)

E=E,—0.85x10°(T-T,)

+_T[|n(pH2)+%|n(poz)]

(5
RT |
V,y =——log—
aZF T, ©)
ohmlc l (Rm + Rc) (7)
RT |
V. =-——logl1-—
conc ZF 09( | o J (8)

IV. FUEL CELL SUPPLIED SLIDING MODE CONTROL OF
IDDB CONVERTER

IDDB converter's voltage gain is much higher than
the typical boost. At a duty cycle of about 0.9, there is a
maximum value for the actual condition, unlike the idea
condition that the output voltage increases with the duty cycle
predictably. When the work cycle reaches the constraint, the
voltage gain decreases rapidly as the loss of energy in that
caseisvery significant.

The two-phase IDDB will be shown in Fig. 3, where
the load is represented by ' Ro. ' Each phase consists of a
traditional inducer boost module and its corresponding pair of
switches. Phase 1 and C, capacitor are referred to here as
"Module 1" and vice versa

A reduced-order design is introduced because the
processistoo difficult to examine. Given the symmetry of the
system the parameters of each phase are expected to be the
same and the voltage reference of the capacitor and the
current reference of the inductor from the control point of
view should also bethe same. The variable § is the duty cycle
and it isalso identical to both the modules.
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Aspointed out, thistopology allows for more than two
phases of modular design. To achieve symmetry, it is
preferred to have even multiple phases. The aim of this
section is to generalize the N-phase modeling of the
converter topology.

The combination of the phases connected to the C, capacitor
and the C, capacitor itself forms module-1 and module-2 vice
versa. Figure 4 indicates the six-phase converter

The source current is given by:

Ly =0y 1y Fig iy —ig ©)

Here are selected the' N ' inductor currents and two capacitor
voltages are state variables and total N+2 state variables for

N-phase IDDB.
Thecurrent differential equation in each module 1 inductor is
given by
d 1 -
—1, =—-RI, -V,0 +V. (10)
dt k Lk ( Rk k 1% k m)
for k =1..., N/2. Similarly for k=(N/2)+1 to N

The differential equation for the voltagein C, is

given by
~V, -V, +V

d In
dt V, = Z (oM "{ —Ro j (11)
C

Similarly for voltage across C, Now, by exploring the
symmetry of the system the same as two phases, all
inductances and capacitors are the same and the current
reference for each module is the same in each phase.
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Fig. 4. Six phase IDDB converter

A. Small signal model

The converter's set of achievable equilibrium pointsis given
by

X eq=-A'BU. (16)
Using above, The equilibrium points set can be written as
2+20
| _ 2
i e A
Vg, +NRy(1-

4R+ NR,(1-5)
Use the average method of state-space and assume the

i.e., li=l,=.......=1y=1I . . . .
. roximation of small signals The equivalent system near
And for al phasesthe duty cycle is the same, ?ﬁgpoint of equilibrium isgiven by € 4
i.e.,81:62: ...... :5N:8
d 1 - " "
Then 1= ZRI-VS+V,) (12) F= AT+ [(A - A)X + B -B)UIE (19
L _ Where A; and A, are the matrices when 6 value for 1 and 0
d V= (Né‘l ) - +V, respectively
and a - E 2 + Ro (13) X means The value of X at Equilibrium point
Using above valuesthe equation can be simplified into
The state vector X is defined given below
X = [I V]I (14) X =A%+ [(A; — 4,)X]5. (19
while the matrix of the system and input are Substituting all the above values finally
-R -6 l_
L L L _ 3 , .
A = — B= 1 (15) . _R!*_E"H_V_{ R"'""'RDJ-"‘:'}S
No -2 &= [:] N L L lar+NR,(1-81 20)
2 RC C (M2 M G25) 3
R, I Rl 2c L4R+NR (1-8)2
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B. Methodology of Sliding Mode Controller

With reference inductor currents produced by
means of small signal analysis, a feedback controller should
be designed to direct the currents to the reference point. A
sliding mode controller is designed as a broad signal model
resulting in global stability due to the fast and robustness
requirement of the converter output. A surface that slides is
described by

Fromthis 5= ¢+ ki
S=7F4 ki
§C: No 'i'-_ 2 \7_Nvin (2+25) . 5
2C R,C 2C |4R+NR,(1-9)

+k{__Ri~_§\7+\i{ 2R+ NR,(1-6) Hg

L L L |4R+ NR,(1-6)?
(22)
Separating V , 1 termsand 8 terms then
_Mr—i~—k5|~—k5\7+
2C RC L L
Vo 2R+NR,(1-6) | NV, (2+20) 3
L |4R+NR,(1-5)?| 2C |4R+NR (1-5)?
(22)

Sliding mode will betherewhen S =0
The generalized control structure
u=—f(x)-ksgn(S) (23)

From the above equation controlling signal o is obtained

{ N5* 2 v+kL| +ki\7}—kls'gn(s)}

Vi 2R+NR0(1 5) | NV, (2+25)
L |4R+NR,(1-0)*] 2C |4R+NR,(1-5)°
(24)

The control diagram of implemented controller is
showninfig 3. where, V, and V, are the module 1 and module
2 capacitor-voltages respectively. iy, iy, i3, is, is and ig are
respective phase currents. V; is the DC link voltage input to
the diding mode controller for module-1 while V, is for the
module-2. Similarly, i1, i, and iz are the input to sliding mode
controller of module-1 and iy, is and ig are the input to the
module-2 sliding mode controller. Duty ratio is the output of
the SMC and is used to generate PWM pulses to control the

power switches.
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Fig. 5. Control Diagram of the implemented controllers

R Series Resistance 0.15Q
L Inductance 535 puH
C Capacitance 470 uF
Vin Input voltage 60 V
o Duty cycle 0.73
R, Load Resistance 59 Q
fsw Switching Frequency | 10 kHz

V. SYPWM CONTROLLED VS

Schematic diagram of a three-phase voltage source
inverter is shown in Fig. 6. Space vector pulse width
modulation techniqueis used to generate the pul ses, which are
used for the switches in the inverter.
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Fig. 7. Space vector diagram of theinverter

A hexagona star diagram maps the eight base vectors are
shown in Fig.7. Each vector constitutes a star spoken, with a
phase difference of 60 degrees between adjacent vectors. The
two vectors (VO and V7) representing either al plus or all
minus outputs are referred to as null vectors and are plotted in
the star's center (origin).

o il i 3 190 " ik
T T
\ - L I ~
ol . ol |
o1 001 1001
L U] [
i - \_z \_g ~ \_E
| . | ol 1]
5 11 i ]
NS m_‘ —
o1 11 0

Fig 8. Three-Phase VSl Switching states

Each of the three binary digits corresponds to a bridge leg
wherethevalue 1 showsthat thetop transistor is ON whilethe
value 0 shows that the bottom transistor is ON. All eight
variations and the corresponding motor voltage and current
direction are shown in Fig.8.

Inverter receives the gating pulses provided by
SVPWM for ripple-free AC output voltage.

VI. PMSM DRIVE CONTROL STRATEGY

Permanent magnet synchronous motor (PM SM) systems have
been used in many fields, because of the advantages of high
speed, high precision, low maintenance and high reliability.

Angular speed feedback

Speed +

Angle
L

T. Torque |Fy
controller dy —w et

Une
PMSM
|
_ a -
Flux  [Y¢] g =
o controller
i T
fy fy

- Mechanical
T

Fig. 9 PM SM Control

Speed
controller

Speed

request i

For a wide range of PMSM drives, the control systems have
the same characteristics. The PMSM motion control system's
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most popular control method is the cascaded one that uses
traditional torque, speed, and position control techniques. By
closing afeedback loop around the inner torque/ current loop
as shown in Figure. 9, The speed controller produces the
torque request depending on the speed error. The stator
current phasor is located only in the quadrature axis and the
maximum driving torque is obtained by keeping the | 4 current
keeping at zero. This can be accomplished by setting to zero
the necessary |"4 current. By this method the pulses will be
generated and given to inverter for getting required output.

VIl. SIMULATIONRESULTS

Fuel cell Driven PMSM Using IDDB Converter Based
on Sliding Mode Control is modelled and its device output is
tested on MATLab / Simulink. The results of the parameters
of the entire system are shown below. In this fuel cell, the
results of simulation of IDDB converters with sliding mode
controller, inverter and PMSM are explained under various
load conditions.

The complete block diagram of Fuel cell Driven PMSM
is shown in Fig 10. And the output voltage of fuel cell is
shown in Fig.11 and its observed its value is nearly 60V.

In the IDDB the current flowing through the inductance
are presented in figl2. From the above it is clearly observed
the current in each inductance is varying from 10A to 20A
respectively. Output current is shown figl3. In this it is
observed the output current value is maintained constant.

Fig.10. Simulink M odel of Electric Vehicle
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Fig.11 Output voltage of fuel cell
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The output voltages, voltage across the capacitors in
both modules are shown in Fig 14. From the above the output
voltage is regulated at the reference point and capacitor
voltages are also constant from the given 60V input by using
Sliding mode controller. It is clear from the above fig.8 that
thefuel cell voltage, 60V, isboosted to 500 V with the help of
IDDB converter and maintaining constant 500 V at load side
using sliding mode controller.
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Fig. 15 output voltage of inverter
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Fig. 16 output current of inverter

Inverter output voltage and current waveforms are shown in
fig 15 and 16. From this the output voltage is nearly 450V
whereas current is nearly 8A respectively, and this voltage is
given to PMSM as an input voltage. Fig 17 to Fig 20
representing the speed and torque of PMSM under no load,
step, repeated step and ramp load conditions. It is observed
from the results, in all different load conditions the PMSM is
operating in stable. In this paper, checked with until 5 N-m.
Until 5 N-m in all different load conditions the controller is
working more efficiently and motor also working Effectively.

500 T T T T F
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Fig.17 Torque and Speed of PMSM Under No L oad
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VIIl. CONCLUSION

The modeling and simulation of the Fuel Cell Driven
PMSM Using Sliding Mode Control Based IDDB Converter
is performed in this paper. The output voltage of the fuel cell
stack is approximately 60 V. The power handling efficiency
of IDDB increases with the number of phases is clearly
observed, which means that the output voltage is greater for
six IDDB phase compared to two IDDB phase. The inverter's
output voltageisalmost 400 V ripple-free using SVPWM and
is supplied supplied to PMSM. The motor performance is
observed under variousload conditions. It is clearly observed
that under No load, step, repeated step and ramp load the
PMSM is running stable. The theoretical research is
accompanied by simulation performance.
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