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Abstract: This paper presents a cascade controller for controlling PEM fuel cell system. The purpose of control is to
optimize net output of oxygen by keeping oxygen stoichiometry on favorite amount 2.5 and compressor power
consumption is minimized. The controller system has been divided into two sections: internal ring and external ring.
The external ring controls oxygen stoichiometric of second order sliding mode with super twining algorithm that its
input is error of oxygen stoichiometric ratio. wc, ..r (Reference Compressor Airflow), the output of external ring, is
reference of inner ring in compressor airflow controller. It produces inner ring of compressor voltage, vem, to apply
in the fuel cell. In this paper, there has been used a fuel cell with complete nonlinear sixth order model that is a quite
accurate and strongly nonlinear model. There has been prevented simplifying model and model reduction modes
used in prior research. Using a system with six available and measurable modes by sensors are the model features
including Motor Angular Velocity (ec), Feed Manifold Pressure (Pyy,), Db Rate of Feed Manifold (msy), Oxygen
Pressure (Poy), Nitrogen Pressure (Py2) and Return Manifold Pressure (P,.,). The cascade controller based on the
proposed super twining algorithm can tolerate on model uncertainties and disturbances consistency of the flow
current properly. Simulation results show that in compared with classic single coil ring with super twining
algorithm, the cascade controller with super twining algorithm has better transient performance in disturbances and
applying uncertainties, and it is more favorable to reduce chattering and precise tracking.

Keywords: PEM fuel Cell, Second order sliding mode, Super twining algorithm, Cascade structure, Oxygen
stoichiometry.

Introduction

Fuel cells are electrochemical devices that generate electrical energy from chemical materials continuously.
They have a leading position in contemporary studies on renewable energy because of their high efficiency,
renewability, low emissions, lack of environmental pollution and consumption of methanol, hydrogen and ... as
fuel. Compared to fossil fuels, they are being extensively developed in many power applications, due to high
efficiency, fuel frequency (hydrogen and oxygen) in environment and lower emissions. However, function of the
fuel cell face with some problems:

1. Oxygen starvation problem that is one of main factors to deteriorate the fuel cells;
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Uncertainty of parameters, modeling error and uncertainty of modeling;
Dynamics’ slow driving prevent stoichiometric rapid setting to prevent oxygen starvation;

4. Stack current is entered to control system as measurable disturbances. Stack current (ly) enters a

disturbance to the system that causes periodic and severe loss ink,,. In other hand, compressor voltage
(V) affects variable A,, indirectly.

It is clear that the system performance and efficiency is closely associated with the used type of control. This
will justify studying options for improving the control fully. Reliable control systems to ensure stability and
performance with straightness against uncertainties and external disturbance are importance for investment to
achieve PEMFC success. In the past years, there have been suggested many control strategies for controlling
operation of polymer fuel cells that each strategy has had its own objective(s) including air pressure control,
compressor engine control, net power output control, stoichiometry-air ratio control, sensors’ reduction etc.
Feedback-linearization, robust control, feedback control, predictive control model, neural networks and sliding
mode control are the most important control strategies. The provided control system for controlling oxygen
stoichiometry in the literature can improve system efficiency and prevent irreversible damages in polymer
membrane due to oxygen starvation phenomenon. There has been introduced designing airflow nonlinear control
and its implementation of a fuel cell system in vitro as a new solution for problem of oxygen starvation, and the
issue of control was solved by super twisting algorithms. Some of advantages of the proposed method are the
ability system stability robust, convergence to sliding surface in limit time and reduce chattering even though
uncertainty and turbulences of the model. In this work, there was firstly used the ability of the designed
technique to fuel cell. The known model of fuel cell, PEM, was used in Pukrushpan. Kunusch (2011, 2013) used
a second order strategy sliding mode by using super twisting algorithm to stabilize the system and prevent
chattering phenomenon. Super twisting controller maintains features of distinctive stability of sliding mode
twisting techniques, while providing a standard control signal smoother than what offers sliding mode. The main
advantages of the adopted method by Kunusch are as follow:

- Solving problem of robust stabilizer for avoiding chattering effects;

- Increasing dynamic properties;

- Robustness to parameter uncertainties and external disturbances;

- Guarantying performance in a wide range, while highly nonlinear systems;

- Control Law depends to two measurable variables only (stack flow and compressor air dB), therefore, it does
not require to monitor or state estimate.

- The algorithm structure is simple, therefore, requires less computation operation.

In addition, other important works have been published in recent years. There was applied a second order
sliding mode control in cascade configuration to adjust oxygen dB in a 33 kW fuel cell stack. In the work, the
reduced model is used to design the controller. Even experimental tests in are presented in Nami operation. Gabin
(2010) studied implementing sliding mode on PEM fuel cell comprehensively. In this work, control law consist a
feed forward section to offset effects of stack flow, enhance dynamic performance and response and improve
transient response to flow changes; therefore, sliding mode control is used to control closed-loop. Using second
order sliding mode control, Laghrouch suggested strategies that it may be achieved the better and transient response
on stack fast-changing. He suggested the second order sliding mode control law based nonlinear optimization
method to reduce chattering, stability in amount of excess oxygen and solving optimization problem of net power in
fuel cells. He also proposed second order sliding mode control in cascade configuration with super twisting
algorithm to improve output net power using maintain oxygen stoichiometric between 2-2.4, and used the reduced
three-state model to design controller. In this article, we focus on ensuring maintain the desired oxygen
stoichiometric value such that optimizing output net power.

The followings are some objectives of controlling objectives:

1. Preventing phenomenon of fuel starvation and increasing duration of stack life;

2. Minimizing power consumption of compressor;

3. Favorable interactions between compressor power and regulating oxygen stoichiometry

To improve performance and better control of fuel cell system, there has been used a six-state mode and more
complex model instead the reduced three-state model of Laghrouch. The advantages of this model compared to the
used model are better performance in operational range of fuel cell and lack of ignoring pressure dynamics.
Moreover, the proposed controller has been measured by applying parametric uncertainty and current confusion in
the cascade structure. It results have been compared with results of the proposed closed-loop controller. This paper
is divided into the following chapters: In chapter 2, the model and its equations have been collected. Chapter 3
contains designing controller. Chapter 4 shows simulation results. Finally, chapter 5 includes conclusion.

w
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Dynamical System and Control Objective
Hypotheses

The main hypotheses are as follows:

1. Anode pressure is constant; this can be accomplished by a separate control system;
2. Temperature and humidity are fix in stack input;

3. There is ignored dynamics of DC electric motor for driving compressor.

Nonlinear Dynamic Model of PEM Fuel Cell
Fig. 1 shows a schematic of fuel cell system with including stack with its accessories.

Angular PEM Fuel Cell
Motor Speed System
X, =@y

U=Vcm
=1 COmpressor

W=Ist

Disturbance

Figure 1. Block diagram of the fuel cell to provide model states.

The provided nonlinear dynamic model is similar that has been defined by the following six-state model with

some changes: x = [wcp, Py Moy POZ,PNZ,PTm]T. In which air consists only oxygen and nitrogen. The most
significant amount of the gases in air is 79% and 21% for nitrogen and oxygen respectively.

Table 1. Defining states and parameters.

Parameters Definition
Angular speed of electric motor X1 = wgpylrad/sec]
Manifold pressure feed x, = P,,latm]
Air mass in feed manifold X3 = mgylkgl
Oxygen pressure in cathode X, = Pyylkgl
Nitrogen pressure in cathode x5 = Py,lkgl]
Return manifold pressure X¢ = P.nlatm]

State Equations for the Proposed Model

Details of extracting the model have been expressed in details. Therefore, mode equations have been extracted
with six variables that are shown in 1-6:

. Nem kt Tep (1)
= T = Tep =~ (Vo — kyp2y) — -2
X1 Tem Tcp ]cp Rcm ( cm v 1) ]cp
. YR X5 Xq \ VX2
Xy = Vsr: (_’Ilfsm,outxz +Ksm,outpv,ca + Ksm,out 1\4_1\12 + Ksm,out M_02> Z + Vch (Tatm (2)
X, Y-t
+ atm( 2 ) Yy — 1)
Nep Patm
. X5 Xg (3)
X3 = ‘/ch - Ksm,outxz + Ksm,outh,ca + Ksm,out M— + Ksm,out M—
N2 02 (R T )
. X4 Keaoue X5 X4 021st X4
X4 = — = oupvcavcan <_x6 + Pv,ca + M— + M—> YOZ,inKsm,out T( 2 M—
Moy, + My, +———— N2 02 ca 02
RyTst 4)
_p  _ X5 ) . (Ro2Tst) Mo,
v,ca MNZ Vca 4 F st
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¢ - RNZT t Xy X5
X5 =(1— on)(i + Qaem) 1Ksm,outTaS (3;2 - MS)CZ- - _MNZ =P, ca) .
5 \ 2
B Py caVcaMy Kca.out(—x6 + M_ + M_ + Pv,ca)
Moz + My + = 0 — 02 N2
vist
. R,T, X, X5
o= v (Keaout(Gr—+ 77—+ Poca = X6) — (Paéxg + Pa5X§ + Pa4xg + Pa3xé + Pazxe + Pal)) (6)
Vrm MOZ MNZ

In this model, compressor motor voltage (u = v ¢, [V]) and fuel cell stack current (d = I i [A]) are considered
as system control input and measurable disturbance respectively. Table of parameters definition of the model
contains the model parameters. Compressor output air flow rate (W is:

W,y = Boo + B1o(Pam) + B2o(Psm)?Bo1(Wep) + B11 Pan + 0¢p + Bz (0gp)? )

Output voltage is expressed as a function of stack current, reactant partial pressure, temperature of fuel cell and
humidity of membrane. Standard potential of fuel cells will be decreased due to Ohmic losses, activation losses,
voltage concentration losses. The actual output voltage of the fuel cell is difference between standard voltage and
voltage losses in fuel cell, as which voltage losses are nonlinear functions of fuel cell current, temperature, pressure
and chemical reactions of the fuel cell. Thermodynamic potential, E, is defined using Nernst equation in the
developed form.

Vee = E — losses (8)
losses = Vactivation + Vohmic +PVconcentration
E = N+t Pz G *? ©
=NE + 5% Pyoc
So, it can be written:
Veett = E — Vact = Vonm — Veone (10)
Vstack = N Vcen (11)

The linear control method will have problems optimal performance due to wide range disturbances. Therefore,
using a PEM fuel cell nonlinear model, we should consider a nonlinear controller that guarantees more stability in
large disturbances and is available in a wide range of modes.

Controller Design
Second Order Sliding Mode
Consider a nonlinear single-input:

x=f(x,t)+gxt)u (12)
y =s(x,t)
x € xCR™ and u € UCR are state and input variables respectively, where
X ={x € R" Ix;| € Xipmax, 1 < i <1} (13)

U={x €R||ul < Ungay}
f and g are the unknown functions.
Suppose control goal is to drive output function (x) (which is called sliding variable) to zero. It is assumed that
the relative degree of the system is fixed. We assume that control directly appears from the first S derivation.

é
5 = 5 SIF@ + gl

There are positive constants ky, ky,, and C such that:
VueU ,vVxeX |is| <c O<Km<i$<KM
5y 5y

Consider[¢,,{,]" = [s,s]". Based on the previous definitions and conditions, the second order sliding mode
will become to time stability under the following indefinite second order.
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5'1 =, (14)
(; =a(x) + bx)v
Where ¢, may be immeasurable. Referring to the previous point v = u is input control. There are several
algorithms to ensure the stability of the limited time in the system. Among them, super twisting algorithm has an

integral on controller ring, so that the controller will be a continuous time function. The following control law
defines this algorithm:

u= u1 + u2

Uy = —fssign(s) (15)
u, = aglslzsign(s)

as;>0 ; >0

With the following sufficient conditions that guarantee finite time convergence in the sliding manifold
accordance Liapanov Function of fixed interest.
c 4CK +C 16
ﬁs > ) asz 2 3M(ﬁs ) ( )

Km Km(ﬁs - C)

Designing and Controlling STW with the Fixed Interest

Equations 1-6 show dynamical equations of the simplified system. The second order sliding mode control
technique is used to design a cascade structure that the diagram block in Fig. 2 shows it. This control method is a
consistency against disturbances and parametric uncertainties.

- T

Stack Current [— - — - — - .—— ....................... |
— —_— | .
. I
| ¥

+ _ Wep
Aoz ref Outer Wep,ref | ner | vem | @
Loop T\ | Loop i

X 'y w Ao2

sa1els

Figure 2. Schematic of control system with cascade structure.

The objective of control is to fix excess oxygen on 2.5. Controller system is divided into two parts: external
ring and internal ring. External ring in controller excess oxygen ratio in 2-SMC includes super twisting algorithm
with error of excess oxygen as input. Controller output, wc,, r, is air compressor reference flux. This is a reference
for internal ring in compressor air flux controller that generates compressor motor voltage,v.,,, to be applied in fuel
cell. There have been selected two sliding manifolds to drive A,,and w,,, to equilibrium points Moy rer andwep ref-

External Ring
The sliding surface of external ring is defined as follows:
S1= 202 - Aoz,ref (17)

By derivative, we will have:
1

Xy, . — . K : :
¢ i = 02in 140y, " SMOUT [x X xs]
1= Ao, = M 2 " T

Ozlst MOz MNz
4F

(18)
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yRaTatm [ <( x2 + ) ]
=A—="|1+ ng
V;m Patm ®

Xs
+A [_( XBiz + Bz + Bi4Xxs + Bysxy) — m—oz - mnz]
Where
1
. X0, in m-KSM,OUT
- ‘I‘LMO2 I
AF st
It can be written:
s = /162 =y Wep + @1 (19)
Using linearization feedback technique, we will have:
ch,ref = ]ﬁ(t: x)_l(vl — ¢ (t‘ x)) (20)
Where
X4 Xs (21)
d.(t,x) = _( XyB1; + Biz + ByaXs + Bisxy) —— — ——
Mo, Mp,

YRaTatm

y,(t,x) = A 1+ ((P:(tzm)4 - 1) nc_pl]

v, results to integral S; = v, that is designed for sustainability of the new system:
Uy = V11 + Vg

sm

. . 1. 22
vi1 = —Bisign(sy) , vz = —aqls|zsign(s;) (22)
oy and B, are obtained according to the described terms in equation 16.
Internal Ring
Manifold of internal ring is defined as follows:
= Wep — Weprer (23)

Consider the first order derlvatlve
S = Vch - ch,ref
Therefore
Wep = [B1o + Bi1Xoz +2Bo2x1 1% + [Byg + 2By0x; +By1%]%;
Consider D = [B;o + By1%92 +2By,x; . By replacing x;, we have:

Cp X Tatm X2 Ba .
Wep ( ) = 1|+ (—=Bzx:ky) | + [Bio + 2Box; +B11 %1%,

Vi/cp = DB, K Vey + D <_

Nep X]cp X X1 Patm
Therefore:
Sy = ¢ (t,x) + ¥ (t, X) Ve, — ch,ref
S
v, (t, x) = = DB;K
2 avcm 151
ds . s . cpXT, By )
¢, (t,x) = ixz + a_xslxl D <_ [%117:;:; Vch <(P;Cﬁ) - 1)] + (—Blekt)) + [B1g + 2B30x; +B11x1]%; (24)
Using linearization feedback technique:
m = V2(6,) 7 (v, — ¢ (t, x) + ch,ref) (25)

Where v, results to an integrator s, = v, that is designed for sustainability of the new system:
Vy = Vp1 + VU )
Uy1 = —p1sign(s;) , Vpp = —ylS;|2sign(s;)
0.’2 = 3 ) ﬁz = 2
a, and B, are obtained according to the described terms in equation 16.

(26)
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Simulation Results
Applying Super Twisting Controller to Control Oxygen Stoichiometry

As the first attempt to improve system performance, we used a STW controller to control A,,. Table 2 shows
fluctuations of the system parameters that were used to apply parameter uncertainty.

Table 2. Fluctuations of the system parameters.

Fluctuations and uncertainties Parameters
Stack temperature (T;) +10%
Cathode volume (V,) +5%
Engine constant (k) -10%
Engine electrical resistance (R ) +5%
Compressor thickness or diameter (d.) +1%
Engine inertia (/.p) +10%
Atmospheric pressure (Paiy,) +10%
Manifold source volume (V) -10%
Return manifold volume (V.,,) -10%

The simulation results are as follow:

As seen in Fig. 3, all system states under the controller show desired behavior. Fig. 4 shows that Ay, will track
optimal value Ao, ref=2.5 properly and convergence time for conditions of applying uncertainty is 1 sec. Note that
we must always avoid 4,, < 1 because impose many damages to fuel cell system. As previously mentioned, error
relationships are as S; = Ao, — Ao, rer- According Fig. 6, net output power will be changed from 20-40 kW.
According Fig. 5, control input or compressor motor voltage are 100-350 V.

,Xx10 x 10°
L 5 = x without uncertainty
o 15 | . o~ f = x with uncertainty
1 X
%% 100 200 300 % 100 200 300
4
0.06 [ 5X10 i
R 0.04 —— | X L ——
0'020 s 100 200 300 00 100 200 300
3 x 10 x 10°
3
22 { K< ’
1 2 FE__'
0 100 200 300 15 100 200 300
time(s) time(s)

Figure 3. Modes’ behaviour in conditions of applying super twisting controller on a class with disturbance input and
uncertainty.

Sliding Surface

= Sliding surface

Sliding Surface
o

] 50 100 150 200 250 300
time(s)

Figure 4. Sliding surface to control 4,
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Figure 5. Control input in conditions of applying STW controller.
gX 10*
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-5
2
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Figure 6. The net output power in mode of applying controller for 4,
Compressor mass flow rate
0.14 :
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0.1
s 0.08
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Figure 7. Compressor output airflow with parametric uncertainties.
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Figure 8. Oxygen stoichiometric with and without uncertainty.
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Figure 9. The convergence time of oxygen stoichiometry ration.

Applying Controller with Cascade Structure to Improve Net Output Power and Control Oxygen Stoichiometry

After applying super twisting simple controller and observing its results, we decided to design and implement
the controller to achieve better performance of the system as cascade structure. As mentioned in the previous
section, we obtained control laws, and finally the following turbulence output results were obtained by applying
stack current. As seen in Fig. 10, systems under control the controller show proper behavior. Fig. 12 shows proper
tracking Ao, in desired value Ao, r=2.5. Finite time convergence condition will be fulfilled according Fig. 13. t-
values are 3 and 4 seconds for uncertainty and convergence time respectively. It is also avoided from 1,, < 1. As
noted, S, is defined as tracking error of oxygen stoichiometry. According Fig. 14, net output power will be changed
from 20-40 kW. According Fig. 11, control input or compressor motor voltage are 100-350 V.

2 X 10* . . 5 x 10° . = x Without uncertainty
| | y | = % with uncertainty
<1 Lv) V. T
= #‘ P ————— ¢ \ {
0 " : 0 . |
(o] 50 100 150 200 (] 50 100 150 200

X3
o o
o 0O
N A
~
NN\
x4
(@] o
L\

0 50 100 150 200 0 50 100 150 200
x 10° x 10°
| : [ /
EE ———— a R et 7
0 - o L
0 50 100 150 200 (e} 50 100 150 200
time(s) time(s)

Figure 10. System modes’ behaviour in conditions of applying cascade controller with disturbance and uncertainty.
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300 V | === \/cm with uncertainty
250 J
200 /’
=
S 150
N 4
100
50
o
_500 20 40 60 80 100 120 140 160 180 200
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Figure 11. Control input to system (compressor motor voltage).
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Figure 12. Oxygen stoichiometric conditions in conditions of applying cascade controller.
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Figure 13. Convergence time of cascade structure.
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Figure 14. Net power output in conditions of applying cascade controller with input of disturbance.
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Figure 15. Compressor airflow in conditions of applying cascade controller with input of disturbance.
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Figure 16. S1 sliding surface.
350
300
250
B

200
150 |
100O 50 100 150 200 250 300

time(s)

Figure 17. Disturbance input current.

The following controllers show the net power output.
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The following figures show chattering reduction in cascade controller with single-loop controller.

x 10”

= Sliding surface cascade

/\ /‘\ /'\ /\ ’— SIi?ing{ surface clc;)se\loop

AL\ ANRNAANAANANAL AN\ A\ I\I\I\Zl\l\ I\I\I\ZI\I\\\I\I\ AAI\\—\AI\A/AAI\\A
v7vvv NS VNN A~ 4 A4 A4 MV VVVXVV va\IV\l/ \l\lv\lvl VV\XI\

) \V \% \V \% \% \

“20 40.05 40.1 40.15 40.2 40.25 40.3 40.35 40.4

Figure 19. Comparing sliding surface of single-loop and cascade structures.
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Figure 20. Comparing control input in single-loop and cascaded structures.

Conclusion

Fuel cell system technology provides numerous opportunities for nonlinear control. The system is highly
nonlinear in nature and very complexity equations. Therefore, it can be more developed to achieve the best
performance and results. The present research focused on high order sliding mode controller based on super twisting
algorithm to control and improve performance of fuel cell system. Twisting controllers were provided and designed
in two forms: single-loop and cascade structures. Then they were tested through several simulations, despite
turbulence and uncertainty of parameter. This design method requires finding a bound for disturbances and
uncertainty. Finally, the obtained bounds were used to calculate the fixed interest with design parameters. It forced
oxygen stoichiometry to track the desired value 2.5. It also improved net output power. We also indicated that we
can achieve a correct and resistance behavior to track maximizing output net power by designing high order sliding
controllers. Chattering has been also substantially reduced.

Table 3. Comparing results.

Parameters Closed loop controller Cascade controller
Net output power 25-40 kW 25-40 kW
Installing oxygen stoichiometric 2.5 2.5
Convergence time 15s 3s
Controller input 150-350 V 150-350 V
Compressor air flow 0.03-0.11 0.03-0.11
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