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ABSTRACT Proton Exchange Membrane Fuel Cell (PEMFC) is difficult for application because of its high
current and wide voltage output. A fractional order PID controller is introduced to a Four-Switch Buck-Boost
DC/DC converter to stabilize the power output in this paper. To reduce the inductor current ripple, a kind of
dual-triggered switch strategy is employed in detail, and an accurate dynamic model of DC/DC converter is
proposed for fuel cell measurement and control system. Then a fractional order PID controller is designed for
voltage module compensation, in which a stochastic inertia weight PSO algorithm is employed to optimize
the parameters of this controller. The results of simulation and experiment indicate that the compensation
effect of fractional order PID controller has better performance than the integer order controller, which is
robust to the variation of fuel cell system dynamics and power request.

INDEX TERMS Four-switch buck-boost converter, fractional order PID controller, PEMFC.

I. INTRODUCTION

Proton Exchange Membrane Fuel Cell (PEMFC) is one of
the best power generation devices for the civilian applica-
tion of hydrogen energy, which has the advantages of high
efficiency, no pollution, low operating temperature, and has
great application prospects[1]. However, as affected by the
inner electrochemical reaction, the output characteristics of
PEMFC will be a fluctuating cell voltage. It is necessary
to employ a DC-DC converter to pre-stabilize the output
voltage to create conditions for further power conversion in
the subsequent stage[2].

PEMFC power conversion unit is a non-negligible part
of the entire system, and the improvement and control
of front-end DC-DC converter in the two-stage PEMFC
power generation system has become a popular research
topic. At present, scholars have proposed various topolog-
ical structures, which can be divided into two main types:
isolated and non-isolated. Isolated DC-DC converters gener-
ally have a DC-AC-DC structure, in which high-frequency
transformers including forward and flyback converters are
often used to fulfill the isolation function. However, due to
low utilization and magnetic reset circuits, high-frequency
transformers will make the design more difficult and affect
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the efficiency of the entire unit, which is less used in
PEMFC power generation systems. As to the non-isolated
DC-DC converts, Buck-Boost converter is usually employed
to achieve step-up or step-down function, but its output
and input voltage have opposite polarity. Therefore, schol-
ars have proposed a variety of non-isolated Buck-Boost
circuits. Shiluveru er al. [3] added q-ZSC(quasi-Z-source
converter) topology to traditional Buck-Boost converter,
which can realize power conditioning with improved reliabil-
ity along with inherent shoot-through protection capability.
Liangjing [4] introduced soft-switching units to the control
of Buck-Boost converter, whose results indicate that it can
effectively reduce switching losses. Wenbo [5] proposed a
new Three-Port converter, which combines Buck-Boost con-
verter with dual-active bridge converter and conclude that it
can realize flexible step-up or step-down and bidirectional
power flow. Yafei [6] put forward a non-inverting Buck-Boost
converter to prove that it can convert a wide range of energy
storage terminal voltage into a constant output voltage of the
DC bus, greatly improving power supply capacity of
the energy storage unit. Wangyu [7] added NQ60 Buck-
Boost module to a program-controlled DC/DC converter to
avoid the shortage of direct power supply of the energy
storage battery, whose efficiency can reach about 94%.
Xiaofeng et al. [8] proposed a control scheme of achieving
zero-voltage-switching(ZVS) for the non-isolated three-level
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Buck-Boost converter, but it required multiple switches and
multiple sets of control circuits, which increased the com-
plexity and cost of the entire system. Xiaoli [9] adopted
Four-Switch Buck-Boost converter under multi-mode control
which is applied to a fuel cell system to confirm that it
can respectively reduce voltage stress of switching devices
and improve switching power supply’s level. However, all of
these converters were designed with integer order controller,
which may not be suitable for PEMFC system with fractional
order characteristics [10]. Here, a Four-Switch Buck-Boost
converter with fractional order controller will be employed to
stabilize PEMFC output voltage and improve the converter
efficiency.

Proton exchange membrane fuel cell is a multi-input,
multi-output and non-linear time-varying system, whose
output characteristics are difficult to control due to the influ-
ence of multiple parameters. Scholars and experts have pro-
posed various control methods to control PEMFC dynamic
output from different angles in order to improve the cell
power. Zhanli et al. [11] used a traditional PID algorithm
controller to control the output current of the converter by
analyzing the impact of the step change of the output current
on the output voltage, output power and efficiency, which
proved that the designed algorithm attained better robustness
and greatly improved the performance of PEMFC system.
Haojie et al. [12] designed a sliding mode control circuit
of PEMFC-Boost converter system to realize the effective
control of the nonlinear behavior and improve the system
output performance. Compared this sliding mode control with
a general PI control by simulation, it was obvious that sliding
mode control strategy could well stabilize output voltage
of the system. Jun ef al. [13] designed a continuous model
predictive controller (CMPC) by employing Laguerre func-
tions and proposed a simple modification strategy by appling
an index weighting function, and the simulation results
showed the system with CMPC had good response charac-
teristics and robustness, achieving constant output power of
PEMFC. Although pre-regulation and anti-interference can
be achieved by these control strategies to a certain extent,
they all neglect the essential fractional-order characteristics
of PEMFC.

As a matter of fact, several processes including gas
diffusion, thermal diffusion and convection diffusion in
PEMFC all have typical fractional order properties [14].
Hongliang [15] proved that the fuel cell EIS diagram was
an inferior arc rather than a complete semi-circular arc for
integer system, which showed that fuel cell has fractional
order characteristic. Zhidong et al. [16] proposed a fractional
order Hammerstein model identification algorithm, whose
results could accurately describe the output characteristics
of the stack, which meant that the fractional order peculiar-
ity in PEMFC couldn’t be ignored. Based on the fractional
order model of Buck converter, Huili et al. [17] proposed
a fractional order PI*D* control method, and constructed a
voltage-controlled fractional order Buck converter feedback
control system. And it is obvious that the FOPID controller
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has better performance and the proposed control strategy
for fractional order Buck converter is strongly robust to the
disturbance of input voltage. Xiuhui et al. [18] employed the
fractional calculus theory to model the original Boost con-
verter system, and replaced the integer order PID controller
with a fractional order PID controller to obtain better system
performance, whose results indicate that the fractional order
model can describe characteristics of the Boost converter
more accurately. Considering PEMFC and its converter as
an entire system with fractional characteristic, in this paper,
a fractional order PID controller is employed to fulfill the
cell’s voltage module compensation, in which a stochastic
inertia weight PSO algorithm is adopted to optimize the
parameters of the controller.

This paper is organized as follows. In Section II, a more
accurate dynamic model of the converter will be established
based on the topology evolution and working principle of
Four-Switch Buck-Boost converter. Section III will provide
the controller design of PEMFC regulated voltage module,
including an integer order controller and a fractional order
controller. In Section IV, the performance of different con-
trollers will be compared based on the cascaded simulation
model of PEMFC and Four-Switch Buck-Boost converter
built in Simulink. In Section V, the Tustin with PSE method
is used to discretize the fractional order PID controller.
In Section VI, a 50W experiment prototype is adopted to
verify the actual application effect of the fractional order PID
controller under different working conditions. Finally, this
paper will be concluded in Section VII. Compared with the
integer order controller, the fractional order PID controller
acquires more excellent performance, which means that the
dynamic response has small overshoot, short settling time,
small steady state ripple and acceptable error range.

Il. ANALYSIS AND DYNAMIC MODELING OF PEMFC
PRE-STAGE POWER CONVERTER

Compared with traditional DC chopper circuits, Four-Switch
Buck-Boost(FSBB) converter has fewer passive components,
lower device stress and simple structure, and it is more
suitable to be employed as the DC-DC power converter of
PEMFC which has large current and wide-range voltage
output.

A. WORKING PRINCIPLE

FSBB converter is a simplified structure shown in
Figure 1 from the concatenation of Buck and Boost converter
by removing the intermediate capacitance and associating
with two inductors.

Where Q1,051 is Buck group switch whose duty cycle
is D1 and 1-Dy, respectively, while 02,0 is Boost group
switch whose duty cycle is D, and 1-D», respectively. Under
steady-state operating condition, the volt-second balance
equation for points A and B can be obtained as follows,
in which Vj, is the input voltage and V,,; is the output voltage.

Vin - D1 = Vour - (1 - D2) (1)
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FIGURE 1. Four-Switch Buck-Boost converter.

(1) can be reduced to
Vout _ D
Vi 1—-—D,
Two independent degrees of freedom are easier to achieve
high gain in a given range and make the control process more

flexible. When D + D, < 1, the converter works in Buck
mode, otherwise in Boost mode.

(©))

B. COMPARISON OF DIFFERENT SWITCH TRIGGER

STRATEGIES

The same edge-triggered strategy[19] is usually adopted

in multi-switch converter, where T represents the cycle

time. The inductor current pulsation value can be denoted

by:

Vour(1 — DT
Ly

DyViTy )
_ Vin < Vour
Ly

However, the dual-triggered strategy proposed by REN[20]
can further reduce the converter loss, in which the two
switches are modulated at the leading edge and trailing edge
respectively. The steady-state waveform of FSBB converter
with dual-triggered strategy is shown in Figure 2.

P Vin > Vaut

Al Ly _one_s =

A A
D D,
D, | T i p, T, g
Vi |
-V
in " Vou | Ly ||
1717 out
S/ S—
I, I
1 L 1 L
IL/ IL,

(a) Buck Mode (b) Boost Mode

FIGURE 2. The steady-state waveform with dual-triggered strategy.

There are three levels of inductor Ly voltage,Vi, —
Vouts —Vour and O in the dual edge regulation process.
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Compared with the same edge-triggered strategy, the switches
have lower voltage stress, and the reduction of the inductor
voltage amplitude can effectively reduce the inductor current
ripple and switching power supply volume.

The inductor current pulsation value with dual-triggered
strategy can be expressed as:

Vout(l - Dl - D2)Ts

Lf s Vin = Vout
AlLy_one.d =1 (D) + Dy = VT, @
s Vin < Vour
Ly
If AILf = AILmeeJ — AIL_/?Onefd, then
VourD2T.
%ﬂ» Vin > Vout
AlLf = (1 - Dl)VinTs (5)
—, Vi< Vou
Ly

Regardless of step-up or step-down, the inductor current
pulsation is small with dual edge triggering strategy, which
is helpful to increase the power density of the converter.
Therefore, the switch dual-triggered strategy is adopted in
this paper.

C. DYNAMIC MODELING OF FSBB CONVERTER

While setting up models of a FSBB converter, the Buck or
Boost mode is usually considered separately ignoring the
interaction between two working conditions, which cannot
describe the dynamic performance completely. In this paper,
a accurate dynamic model of FSBB converter is established
based on the principle of high frequency switching network
equivalence. The detailed steps are as follows: (1)The path of
the current sudden change is defined as a branch due to the
switch action, which is equivalent to the controlled current
source. (2)The point where the voltage abrupt changes is
defined as a node, which is equivalent to the controlled volt-
age source. (3)The controlled value is equivalent to the arith-
metic mean value of the previous-cycle current or voltage.
The switching network equivalent model of FSBB converter
is shown in Figure 3.

FIGURE 3. The switching network equivalent model of FSBB converter.
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The steady state of the model can be expressed as:

Io, =11, - Dy

lg,, =11, - (1 =Dy)

lg, =11, - D> )
lg,, =11, - (1 = Dy)

Va =Vin-Dy

Ve = Vou - (1 — D7)

In order to study the dynamic characteristics of the con-
verter, it is necessary to introduce perturbation to the various
variables:

x=x+X 7

Then, the dynamic expression of FSBB converter model
can be denoted as:

Dy +d, =d,

Dy+dy=dy

Va+4=v4

Vg + Vg =vp

Ig, +ig, = ig,

lo,, + ;erl =g, ®
Ig, + ?Qz =g,

Ig,,, + ?erz =g,

Vin + Vin = Vin

Vout + Vour = vB

ILf + 2Lf = iLf
Equation(8) can be linearized by removing the high-order

terms to get FSBB converter equivalent incremental topology
shown in Figure 4.

iy (1=D,)

FIGURE 4. Equivalent incremental topology of FSBB converter.

From Figure 4, the KVL equation that describes the con-
verter dynamic characteristics is straight-forwardly derived
as follows:

dip, A A
Lfd_+[ Vour * d2+vout (1 =D)]=Vip - d1+Vin - D1
©))
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Meanwhile, the KCL equation can be acquired as well:

d‘,}out 90”[

— +
dt R
At zero initial state, the derived duty cycle-to output volt-
age transfer function under Buck mode (v;;, = 0,d> = 0) by

Laplace transforming is expressed as:
Vin(l =D
Gy, (5) = Vout (S) in( 2) (11)
di(s) 2 b 2
L¢Crs= + ES + (1 — Dy)

=l -dr+iy, -(1-Dy)  (10)

The derived duty cycle-to-output voltage transfer function
under Boost mode (v;;, = 0,d; = 0) is expressed as:

Vout(s) Vouwr(1 — D3) — LfILfS

2(5) Lfos2

Gy, (5) = (12)

L
+ s+ (1= Doy

In the previous section, the advantages of the dual-triggered
strategy have been clearly described, and the difficulty of the
hardware and software design will be increased with two sets
of duty cycle control methods. Let D; = Dy = D, then the
influence of the change of duty ratio on the output voltage
(Vi = O)can be unified as follows:

VOMt
Vint Vour )1 = D) — L —24_
Dour(s) _ Vin+Vou) 1 =D) =Ly g5

Gav, (s)= 13)

L
d(s) Lfcfs2+Ffs +(1 — D)

1ll. DESIGN OF PEMFC PRE-REGULATION MODULE
CONTROLLER

The closed loop design block diagram of the typical switching
power supply is presented in Figure 5.

4" G.(s) }—' Gy (5) }—" ””” (?)}_:X Vou

H(s)
L]
FIGURE 5. Closed loop structure of system.

The loop gain of the DC-DC converter is expressed as:
T(s) = Ge()Gpwm (5)Gavy ()H (5) (14)

where G.(s) and H (s) is the designed controller and feedback
transfer function, respectively. Gpwa (s) = 1/Vyy, Vi is the
carrier amplitude. Table 1 presents details of FSBB converter
specifications.

If Ggy,,, (8) = Dot ($)/d(s), when the minimum input volt-
age is 16V, the theoretical duty cycle is 0.6, the controlled
object of closed loop design under Boost mode is given by:

— (5e¢ —5)s

16
G _ 15
o) = e 02 1 833 — T 1 0.6 )
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IEEE Access

Z. Qi et al.: Fractional Controller Design of a DC-DC Converter for PEMFC

TABLE 1. Converter specification.

Parameter Value
Input voltage 16 to 30V
Output voltage 24V

fs 100kHz
Typical load 120

Ly 10 pH
Cy 100 pF°

When the maximum input voltage is 30V, the theoretical
duty cycle is 0.44, the controlled object of closed loop design
under Buck mode is expressed as:

30 — (3.6¢ — 5)s
(le — 9)s2 + (8.33¢ — 7)s + 0.3136

The system bode diagram of these two limit input voltages

without compensation is shown in Figure 6.

Gavy (8) = (16)

Bode Diagram
40

System: H_Boost

Gain Margin (dB): 5.99

.40 |- Atfrequency (Hz): 8.45e+03
Closed loop stable? Yes

ol \\\\g

System: H_Buck -
Gain Margin (dB): 8.84

At frequency (Hz): 1.35e+04 1
Closed loop stable? Yes

20 |

Magnitude (dB)

-100

360 F—x

5 System: H_Boost

Phase Margin (deg): 6.86
Delay Margin (sec): 3.13e-06
205 Atfrequency (Hz): 6.09e+03
Closed loop stable? Yes

System: H_Buck

Phase Margin (deg): 6.43
Delay Margin (sec): 2.13e-06
At frequency (Hz): 8.39e+03
Closed loop stable? Yes

Phase (deg)

102 10° 10* 10° 108 107
Frequency (Hz)

FIGURE 6. Frequency response for FSBB converter without compensation.

In the bode diagram, the performance of two working
modes is very close. As there is a zero point in the right
half plane, the phase frequency characteristic curve is dis-
torted, and the phase margin is not high: 6.86°and 6.43°
respectively. Meanwhile, the slope of phase margin in the
vicinity of the crossing frequency is large, indicating that
the anti-interference ability of the system is not strong. It is
necessary to further compensate the system for good results.
In this paper, Buck mode (H _ Buck) is selected to design the
closed loop compensator.

A. DESIGN OF INTEGER ORDER CONTROLLER

FSBB converter is a non-minimum phase system, the rela-
tionship between the phase frequency characteristic curve
and the performance is not clear. In this paper, based on the
typical design method[21], a Two-Zero/Three-Pole(TZTP)
compensator devised for the controlled object with right half
plane zero point is proposed as:

B (1 4+ 0.00011375)(1 -+ 0.0001137s)
= 0.000269s(1 4 0.00000125)(1 + 0.0000012s)

a7

c
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Apparently, TZTP controller belongs to integer order con-
troller, and the system bode diagram with compensation is
shown in Figure 7.

Bode Diagram

System: H-Buck

— — Gain Margin (dB): 15

S At frequency (Hz): 1.26e+05

0r T Closed loop stable? Yes
—ee

System: H-Boost

Magnitude (dB)

Gain Margin (dB): 13.1 ~
At frequency (Hz): 8.14e+04 =
Closed loop stable? Yes

—~
ANEN
NS

—— @
| System: H-Buck
| _ | Phase Margin (deg): 69.7 |
Delay Margin (sec): 9.76e-06
At frequency (Hz): 1.98e+04
Closed loop stable? Yes ol

System: H-Boost
180 fmrmem e Phase Margin (deg): 66.1
Delay Margin (sec): 1.72e-05
At frequency (Hz): 1.07e+04
90 - Closed loop stable? Yes

Phase (deg)

102 10 10 10° 10° 107
Frequency (Hz)

FIGURE 7. Frequency response for FSBB converter with compensation.

From Figure 7, the phase and gain margin of the system
with a TZTP compensator are improved after compensation,
which are bigger than 65°and about 15dB, respectively. The
anti-interference ability of the system has almost reached the
design target of closed loop.

B. DESIGN OF FRACTIONAL ORDER CONTROLLER

For the system with fractional-order characteristics, the inte-
ger order controller is hard to get good performance. It must
be a better selection to study the practical application of a
fractional order controller, which shows stronger robustness
in related industrial fields. Bouakkaz er al. [22] proposed
an adapted control strategy where the PV voltage is regu-
lated by a fractional order PID controller in various regions
and it can be seen that the proposed dynamic performance
improvement strategy has excellent transient responses in
different operating scenarios and can well improve the PV
system dynamics. Kommula and Kota [23] put forward a
Firefly Algorithm (FA) based Fractional Order PID (FOPID)
Controller for Brushless DC (BLDC) motor to achieve an
effective control of torque and speed and it is obvious that the
FOPID torque controller controls the motor torque effectively
with a very low ripple from simulation results. At present,
mature fractional order controllers mainly include fractional
order PID controller, CRONE controller, TID controller and
fractional order lead-lag compensator[24]. Compared with
other fractional order controllers, the fractional order PID
controller has a stronger application potential and its devel-
opment is relatively mature. Fractional order PID(FOPID)
controller proposed by Professor I. Podlubuy[25] is expressed
as:

K;
Gels) = Ky + 5 + Kas" (18)
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Unlike traditional PID controller, the FOPID controller has
two more adjustable parameters (integral order A and differ-
ential order ), which will make the controller more flexible,
but increase the difficulty of parameter adjusting. It has been
proved that PI*D* controllers have advantages in terms of
stability and dynamic performance. In this paper, an improved
PSO is proposed to adjust FOPID controller parameters. The
traditional PSO[26] algorithm was developed by Kennedy
and Eberhart in 1995, which got inspired by birds flocking
in search of food. The position and velocity of particles are
updated as follows:

v =k e pf e gf
pf.‘ = Pbest!‘ — xlk
g{.‘ = Gbest{‘ — x{‘
!

i

19)

where inertia weight(w),self-cognitive factor(c;) and social
cognitive factors(cp) assign the weight to the inertial
inﬂuence(vf), the personal optimum(pf) and the global
optimum(gf.‘). k is the number of current iterations, i repre-
sents the number of particles in the population, x{‘ indicates
the particle’s current position, Pbestl.k and Gbestl.k refer to
the optimal position of itself and the population respec-
tively during the process, r; and r, are random numbers
between 0 and 1.

In order to avoid the particle falling into the local optimum,
a fitness variance is introduced to evaluate the current con-
vergence degree of population, which can dynamically adjust
the inertia weight combined with random probability, trying
to find the equilibrium point between global search and local
search. The particle fitness variance proposed to observe the
particle diversity in the iteration process is defined as:

D2 — ZN: (fFitnessi _favg>2 (20)
i=1 fnor

where favg, fnor denote the average fitness value of swarm and
normalized operator, respectively. fq,, can be expressed with
the following equation.

N
1
favg = ﬁ X;fFitness,- (21)
1=
Meanwhile, f,,, is defined by:

max{ lfFitnessl _favg}}v lfFimessl _favg| >1
Jnor = (22)
L lfFitness] _favg| <1

As the variance gets smaller during the optimizing pro-
cess, the particle will become more concentrated. When the
iteration number(Cp,,) is less than a threshold(Cy), particles
aggregation (D* less than d?) would trigger to adjust the
inertia weight w with probability p. p can be expressed as:

(Cs — Crer)/Cs,  (Crer < Cs)a”ld(l)2 < dz)

p= (23)
0, others
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where Cj.r and d? denote the set maximum number of itera-
tions and the radius of convergence respectively.

Under normal conditions, the inertia weight decreases lin-
early, which is given by:

r Wmin + &k - Wmax — Wmin)/Crer» p =0
wh = (24
r+wk, p>r

where wiax and wp, are setting intervals for inertia weights,
r represents a random number between 0 and 1.

In order to make the control object have good dynamic
performance and avoid excessive control excessive control
in the optimization process, the weighted integrated time
absolute error(/TAE) and control quantity square is employed
as the basic fitness function in this paper. Moreover, a penalty
factor Cp, is also added to the fitness function by evaluating
the value of the overshoot in the system dynamic response.
The expression of ITAE will be described as:

t
ITAE =f tle(t)|dt (25)
0

And the final Fitness function can be represented as:

B1 - ITAE+ B - [ |ul*dt, o <3%
fFitness = 5 (26)
cp - (B1 - ITAE+B, - [ |uldt), o>3%

where 81 + B2 = 1, ¢y is set to 1.5.

Based on PEMFC fractional impedance characteristic
model [27] and the above improved PSO algorithm theory,
the model of PI*D* controller parameter optimization is
established in Simulink as shown in Figure 8.

L skoritm_|

FIGURE 8. PI*D" controller parameter optimization model.

By multiple optimization, a FOPID controller is attained
as follows.

150.3469

G 00075087 27)

Gropip(s) = 0.008 +

Compared with equation(18), it is obvious that K, =
0.008, K; = 150.3469 and K is set to 0.0075.

IV. SYSTEM SIMULATION

The cascaded simulation model of PEMFC and FSBB con-
verter is built in Simulink and presented in Figure 9. The
output voltage response with different controllers is analyzed
when the system load varies in this section.
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FIGURE 9. The cascaded simulation model of the regulated voltage
module.

The closed loop system starts at a rated load (R = 12€2),
then the resistive load increases to 162 at 0.5s, decreases
to 82 at 1s.

The dynamic response is displayed in Figure 10. When the
system starts, the response curve compensated by a TZTP
controller appears a large overshoot with the shortest rising
time, nearly 35%, while the system has no overshoot and can
quickly achieve stability with a FOPID controller. When the
load varies at 0.5s and 1s, the dynamic curve compensated by
a TZTP controller has smaller overshoot and voltage spike
than by PI*D* controller, which indicates that the adjusting
speed of the FOPID controller is not very quick because of
its more complicated computing process.

TZTP
——FOPID

Vout/(V)

2 . .
0.5 0.505 0.51 1 1.005 1.01 7

t(s)

FIGURE 10. The dynamic response curves.

The steady-state ripple of output voltage at rated load
is depicted in Figure 11. It is found that the ripple curve
compensated by PI*D* controller is more ideal than that with
obvious “‘burr” by a TZTP controller. Meanwhile, the steady-
state ripple curves of output voltage at 16€2 and 8€2 are shown
in Figure 12 and Figure 13 respectively. The output voltage
ripple becomes smaller at higher resistive load, and the ripple
increases with the output current at lower resistive load. It is
found that in accordance with the situation at rated load,
the corresponding ripple curve of PI*D* controller is more
uniform and smooth.

V. DIGITAL REALIZATION OF CONTROLLER

The analog controller G(s) cannot be used directly on the
digital platform. It is necessary to discretize the differential
equations firstly.

120140

Rated load

T
TZTP
——FOPID

Vout/(V)
0
R

0.4 0.41 0.42 0.43 0.44 0.45
t/(s)

FIGURE 11. The dynamic response curves at rated load.

Light load

o TZTP
FOPID

- [

Vout/(V)

235 . .
0.9 0.92 0.94

t/(s)

FIGURE 12. The dynamic response curves at 16<.

245

Heavy load

coires TZTP
— FOPID
# _

Vout/(V)

535 . , , . \ , . . .
1.4 1405 1.41 1415 142 1425 143 1435 144 1445 145
t/(s)

FIGURE 13. The dynamic response curves at 82.

In this paper, the Tustin with PSE method[28] is adopted
to discretize the FOPID controller.

(1)Tustin transformation is employed to generate (w(z=Hy,
which can be expressed as follows.

L (20— DY
s _<T(1+z_1)> 28)

where n represents the rationalized order, T represents the
adoption period.

(2)PSE is a method of polynomial approximation after
power series expansion, which is given by:

[%] 1y (7> Z[%]fi (29)

where n represents the rationalized order, T represents the
adoption period, [] is the rounding operator, and L is the
interception length.

D'(2)=(w(z" )" =T"z’[ﬂ

i=
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When the approximate order of rationalization is 2 and
the sampling frequency is 10kHz, the discrete expression of
controller is obtained as follows.

0.02369 — 0.008594z ! + (6.692¢ — 5)772
1—-0.9913z~1 —0.0087z2
The differential equation of the PI* D* controller available
for programming is:
u(k) = 0.02369e(k)—0.00859¢(k — 1)4-0.00006692¢(k —2)
+0.9913u(k — 1) 4+ 0.0087u(k — 2)|  (31)

D(z) = (30)

where u(k) and e(k) represents the controller output and the
error input signal respectively.

It is also necessary to discretize the controlled object.
Considering the delay characteristics of sampling and other
links, the zero-order retainer equivalence method is adopted
to obtain the discrete expression of the controlled object as:

7.416z 4 5.655
22+ 0.1847z 4+ 0.436

The contrast diagram of the step response of FOPID con-
troller after discretization is presented in Figure 14.

G(z) = (32)

Step Response

0.8 >

Amplitude
(=1 (=]
FS >
T T
. .

02r/; B

. . . I . .
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (seconds) %103

FIGURE 14. Step response of fractional order controller after
discretization.

The Tustin method is adopted to discretize a TZTP com-
pensator. When the sampling frequency is set to 200kHz,
it just shows stable control effect still with a certain distortion.
The discrete expression is shown as:
9.487z% — 8.67z% — 9.469z + 8.688
23 —0.2505z2 — 0.6091z — 0.1404

The differential equation of the TZTP compensator avail-
able for programming is also given by:

u(k) = 9.487e(k) — 8.67e(k — 1) — 9.469¢(k — 2)
+ 8.688e(k — 3) + 0.2505u(k — 1)4-0.6091u(k —2)
+0.1404u(k — 3) (34)

Drzrp(2) = (33)

where u(k) and e(k) represents the controller output and the
error input signal respectively.

The contrast diagram of the step response of TZTP con-
troller after discretization is shown in Figure 15.

VOLUME 8, 2020

Step Response

Continuation
1.2 fé:. ------- Discretization

Vree

Amplitude

-0.2

. . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (seconds) =107

FIGURE 15. Step response of integer order controller after discretization.

VI. EXPERIMENTAL STUDY

The experimental setup of a 50W fuel cell stack and its
peripheral devices is shown in Figure 16. Online parameter
estimation and FOPID controller are performed on a laptop
computer using Matlab. Three control scenarios are investi-
gated: system starts to the rated load 242, resistive load falls
and rises under integer or fractional order control method.
These scenarios provide a systematic way of demonstrating
the effectiveness of the proposed controller for various situa-
tions of a change in the external load.

Hydrogen
supply | . ., 50W PEMFC

Software
program

Electronic load

DC/DC
converter

FIGURE 16. Experimental setup.

In order to make experimental results closer to the sim-
ulation waveform, parameters which are similar to those of
simulation are adopted. Variation curve of resistive load is
depicted in Figure 17, in which the resistive load starts at 242,
falls from 242 to 8€2 at 0.5s and shifts from 82 to 16£2 at Is.

(1) When the system starts and approaches the rated load,
the time response of the output voltage compensated by the
fractional order controller is shown in Figure 18, while a
corresponding response based on the integer order controller
is depicted in Figure 19.

From Figure 18, it is found that the output voltage compen-
sated by fractional order controller can reach a stable value
smoothly with a peak value and a steady state value 24.1V
respectively when system startup. And the ripple and peak are
kept at about 0.2V. Furthermore, when considered from the
perspective of peak overshoot, rise time and fall time of the
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FIGURE 17. Variation curve of resistive load.

—24.1V

(Compensated By Fractional Order Controller)

Rize=55. Olms Fragenent Fridowbex

FIGURE 18. Output voltage when system startup with fractional order
controller.

'''''

(Compensated By Integer Order Controller)

Rise=57. 20ns

FIGURE 19. Output voltage when system startup with integer order
controller.

output voltage are nearly 1.38ms when system startup with
fractional order controller. Meanwhile, when system startup
with integer order controller, rise time and fall time of the
output voltage can reach 9.53ms and 2.38ms respectively.

Compared with the simulation process, the response time
and ripple are increased, but the performance can satisfy
the control requirement. However, the TZTP compensator
with better performance in theory cannot stabilize the output
voltage shown in Figure 19, which reflects that the frac-
tional order controller has a better robustness in practical
application.

(2) When the resistive load falls from 242 to 8€2, the time
response of the output voltage compensated by the fractional
order controller is shown in Figure 20. In Figure 20, the output

120142

24.1V
v

1 V/DivI

FIGURE 20. Output voltage at falling load with fractional order controller.

voltage decreases 0.45V (about 2%) in 5Sms, and the ripple
increases to 0.35V. Then a corresponding response based on
the integer order controller is depicted in Figure 21. Com-
pared with two figures, although the average value of the
output voltage is almost the same, the ripples of voltage
waveform with fractional and integer order controller are
0.11V and 0.39V respectively, which means output voltage
with fractional order controller appears smaller ripple due to
its good robustness.

24.1V
A

1 V/DI\I

; 23.65V

v,

out

FIGURE 21. Output voltage at falling load with integer order controller.

(3) When the resistive load shifts from 82 to 16£2, the time
response of the output voltage compensated by fractional
order controller is shown in Figure 22. The output voltage
increases 0.7V in 5Sms, and the ripple decreases to 0.15V.
Then similarly, a corresponding response based on the inte-
ger order controller is depicted in Figure 23. Although the
average value of the output voltage remains the same when
compared with the result of fractional order controller, it is
obvious that the waveform with integer order controller con-
tains larger ripple.

Compared with the simulation process, it is obvious
that the experimental results basically remain the same.
Although the output voltage will transform with the change
of the resistive load, its average value can be maintained at
around 24V, thereby verifying the accuracy of simulation and
experimental results.

Figure 24 presents the efficiency curve of the entire system
compensated by a TZTP controller or FOPID controller when
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FIGURE 22. Output voltage at decreasing load with fractional order
controller.
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FIGURE 23. Output voltage at decreasing load with integer order
controller.
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FIGURE 24. Efficiency curve of the entire system.

the output current varies between 0.5A and 3A. When the
entire system reaches a stable state, it is obvious that the
efficiency with a FOPID controller can remain above 92%,
higher than that with a TZTP controller. Especially when the
output current is 1.5A, the efficiency with a FOPID controller
can even reach about 95.2%, which displays high effective-
ness and stability of the whole system.

In summary, the power system response with FOPID con-
trol method retains almost zero overshoot, fast response speed
and small ripple in the experiment. It is feasible to introduce
the fractional order controller to the field of high frequency
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switching power supply. All the performance indexes of the
pre-stage pre-stabilizing module of PEMFC can meet the
design requirement.

VIl. CONCLUSION

In this paper, a pre-stage DC-DC regulated voltage module
for PEMFC power generation system is designed by using a
FSBB converter. Based on the analysis of the working princi-
ple and the switch trigger strategy, a high frequency switching
network equivalent model of this converter is established,
then a two-zero/three-pole compensator and a fractional order
PID controller are designed to realize stable output of the
power system.

To reduce the inductor current ripple, a kind of
dual-triggered switch strategy is employed in detail, and an
accurate dynamic model of DC/DC converter is proposed
for fuel cell measurement and control system. Then a frac-
tional order PID controller is designed for voltage module
compensation, in which a stochastic inertia weight PSO algo-
rithm is employed to optimize parameters of this controller.
Simulation and experiment results show that the designed
DC-DC converter can fulfill the pre-regulator function effec-
tively, and the dynamic response of system with fractional
order PID controller has small overshoot, short settling time,
small steady state ripple and acceptable error range. It is
expected that the proposed fractional order control can be
easily extended to more complex control problems with
fractional characteristic, and could be applied to stationary
and transportation systems, as well as low- and high-power
fuel cell applications.
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