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Robust Adaptive Control of Interleaved Boost
Converter for Fuel Cell Application

Shengrong Zhuo *?, Liangcai Xu
Arnaud Gaillard

Abstract—In this article, a robust adaptive controller based on
active disturbance rejection control algorithm is proposed for inter-
leaved de—dc Boost converter for fuel cell application. The unknown
load power and parametric variations are regarded as part of the
total disturbance, which is estimated by extended-state-observer
(ESO), and then canceled in the control law. Within the proposed
controller, the parameter b, is adapted in real-time to reduce the
estimation burden of ESO. It is shown that compared with the con-
ventional controller, the proposed controller can achieve significant
improvement in terms of robustness, the strong antidisturbance
performance can be maintained with the varied number of active
phases. Finally, simulation and experimental results validate the
effectiveness and superiority of the proposed controller.

Index Terms—Antidisturbance, dc—dc power converter, fuel cell
(FC) application, interleaved converter, robustness.

1. INTRODUCTION

ITH the gradual depletion of conventional fossil energy

due to the massive use and its effect on environmental
change and air pollution, the new energy source, which is
represented by the photovoltaic, wind turbine, and fuel cell
(FC), is getting more and more research attention. Hydrogen
FC is a device that converts the chemical energy stored in the
hydrogen into electricity, the only byproducts are water and heat.
FC has many advantages, such as high power density, silent
operation, low operating temperature, and zero-emission. It has
been increasingly used in portable, stationary, and transportation
applications [1], [2]. However, FC is low-voltage high-current,
and it features nonlinear volt-ampere characteristic, the FC
voltage varies oppositely with the FC current. Therefore, it is
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essential to interface with a dc—dc converter to increase and
regulate a stiff dc bus to satisfy the load requirement [3], [4].
The interleaved dc—dc converter is an attractive choice. With
the phase interleaving operation by phase-shifting properly the
switch signals, low input current ripple is allowed, being ben-
eficial for FC long time service [5], [6]. Moreover, the FC
current can be shared by the active phases of the converter, and
the efficiency can be improved [7]. In addition, the interleaved
converters can continue operating even after a phase goes out of
service [8]. This characteristic is very important for the earlier
mission-critical and safety-critical applications.

The interleaved converter for FC application suffers from
parametric variations (parasitic resistance, inductance, capac-
itance, and number of converter active phases) and external
disturbances (unknown load power, and varied FC voltage),
which are the challenges for the converter controller. In [9],
a double-loop proportional-integral (PI) controller consisting of
the inductor current inner-loop and output voltage outer-loop
is designed for the interleaved converter, to regulate the output
voltage at the desired value. It is shown that the performance
of PI control designed based on the nominal condition varies
with the operation point. To achieve better performance with
smaller steady-state error, faster dynamical response, lower
overshoot, and stronger robustness, various linear and nonlinear
controllers are developed. In [10] and [11], a sliding mode
control is designed for the interleaved converter. To maintain the
constant switching frequency and interleaving, the hysteresis of
the control signal generating comparators should be adjusted
dynamically, which increases the controller complexity. In [12],
apassivity-based control is designed for an interleaved converter
for FC application. The control law, however, requires accurate
converter model information. In [13], a model predictive control
is designed to deal with the uncertainties. Simulation results
confirm the solid and robust performance. One limitation is that
the computation burden within one switching period is a little
heavy, which may be a challenge for hardware implementation.

Disturbance estimation and compensation control have been
obtaining more and more research attention [14]. It shows great
prospects in applications of induction motors, permanent magnet
synchronous motor, air compressors, rectifiers, grid-connected
inverters, etc. [15]-[20]. The principle is to estimate in real-time
the uncertainties and disturbances, and then compensate them
directly in the control law. One typical algorithm is the active
disturbance rejection control (ADRC) [21]. It takes the single
or cascade integral as the canonical form of the plant, and the
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difference between the real plant and canonical plant is treated as
the total disturbance, which includes the converter uncertainties
and disturbances. Then, the total disturbance is regarded as an
extended state that can be estimated by extended-state-observer
(ESO) in real-time based on the converter input and output
variable. By compensating the estimated total disturbance to
the control law, good robustness against uncertainties and dis-
turbances can be obtained. ADRC is designed based on the
canonical plant, therefore, the accurate converter model is not
necessary, it only needs to obtain the system order. The original
ADRC is of nonlinear form. To simplify the analysis and ease the
implementation, the nonlinear gains are replaced by the linear
ones to introduce the linear ADRC [22]. In [23], the ESO-based
ADRC is proposed for a two-phase interleaved Boost converter
for FC application. The comparison with PI control demon-
strates that ADRC is more robust to the disturbances. However,
be the same as that of PI control, the controller performance
of ADRC would degrade when the number of converter active
phases reduces to improve the light load efficiency or caused
by the hard fault. It is, thus, essential to develop an improved
controller with stronger robustness.

To this end, a robust adaptive controller based on the ADRC
algorithm is proposed in this article for interleaved converters
with unknown power load for FC application. The parametric
variations (such as converter circuit parameter deviation and the
reduction of the number of active phases) and unknown load
power are regarded as part of the total disturbance, which could
be estimated by ESO and canceled in the control law. Within the
proposed controller, the system control gain b is obtained based
on the input voltage, which is then used to adapt the parameter
by to reduce the estimation burden of ESO. Compared with
the conventional ADRC, the proposed controller can achieve
significant improvement with stronger robustness. The proposed
method can be extended to other interleaved converters.

This article is organized as follows. The converter analysis
and modeling are presented in Section II. Then, the proposed
adaptive controller is elaborated in Section III. To validate the
effectiveness and robustness of the proposed controller, sim-
ulation results based on MATLAB/Simulink are presented in
Section IV. Furthermore, the laboratory converter prototype is
built, and the proposed controllers are implemented into the
dSPACE platform. Experimental results are shown in Section V.
Finally, the conclusion in Section VI ends this article.

II. CONVERTER ANALYSIS AND MODELING
A. Converter Analysis

Fig. 1 shows the topology of the N-phase interleaved
Boost converter. For each phase, there is one inductor
Li(k = 1,2,...,N), one switch Sy, and one diode Dy. C
is the common capacitor, and 7, is the circuit lumped parasitic
resistance. v, is the converter input voltage, v, is the converter
output voltage, and 7, is the converter output current.

The converter input current ¢, is given as follows:

k=N
lin = Z iLk ey
k=1

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 57, NO. 6, NOVEMBER/DECEMBER 2021

i I iy
. "fi& T L;U e
. Vin 1 Vo R
| S - — 01 C'—r —
Fuel cell . P,
Power load

Fig. 1. N-phase interleaved Boost converter for FC application.

where iy, (k = 1,2,..., N) is the current flowing through the
inductor L. The symmetrical circuit parameters are generally
considered to realize the modular design, therefore

Lp=L rp=r dy=dk =12,....N (2

where dj; is the duty cycle generated by the control system for
the power switch Sy.

The static voltage gain of the ideal interleaved Boost converter
working in continuous conduction mode is

Vo 1
M(d)=—— = —— 3

where d is the duty cycle, and V,, and V;,, are the dc values of
the variable v, and v;,, respectively.

Consider N = 2, according to the converter operation princi-
ple, the average model of the interleaved Boost converter is

a.
dr ‘T

d 1t
%’Uoz 5 (kgl(l—dkx)i[,k—io>

where dj, (k = 1,2) is the duty cycle of the switch Sy.

(’Um—Tk.Z'Lk—(l—dk)Uo),k = 1,2 (4.a)

&)=

(4.b)

B. Control Scheme

The converter for FC application suffers from load distur-
bance and input voltage variation. Therefore, to achieve the
desired output voltage, the double-loop control structure con-
taining the inductor current inner-loops and the output voltage
outer-loop is used, as shown in Fig. 2. The outer-loop generates
the current reference I1,¢¢ for the inner-loops, by dealing with
the voltage reference V.. and output voltage v,. Then, the
inner-loops produce the duty cycles dy(k = 1,2) to modulate
the ON—OFF signal §j, for switch .Sy via pulsewidth modulation.
When §, = 0, switch S; turns OFF, and 0 = 1, switch S
turns ON. Notably, the switch ON—OFF signals are generally
phase-shifted successively by 360° /N to realize the interleaved
operation to reduce the input current ripple.
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Fig. 2. Double-loop control structure.

C. Converter Modeling

The target of the inner-loop is to regulate the inductor currents
to the reference value, which is produced by the outer-loop. The
following super-twisting sliding mode control law [24], which
is also considered as a kind of nonlinear PI control, features
good robustness and tracking ability. Thus, it is adopted as the
inner-loop control.

di, = A|sk\%sign (sk) + « [sign (sg) dt )
Sp=Iprey —ipp,k = 1,2

where s;, is the sliding surface, Ir,..y is the current reference
generated by the outer-loop, the sign is a standard sign function,
and A and « are controller parameters to be tuned.

By applying the invariance condition ( s = s, = 0), the
equivalent duty cycle can be obtained based on (4.a).

n T 1 re
dog = 1 — w ©6)
Vo

1) Converter With Two Active Phases: Substitute s, = 0and

(6) into (4.b), there is

k=2
dvo 1 Vin — TkILref .
2= = (vamfzo NG)

k=1 °©

The above-mentioned equation can be rewritten as follows, by
multiplying the output voltage v, (v, > v;;, > 0) on both sides:

d (1 =
% (201}3) = Z ('Uin - rkILref) [Lref — loUo- (8)
k=1
Namely,
d

1
- 702 :21nI ref — 12 F — Vol 9
dt<2 ) 2vinlires = (14 72) ires = Lole - @)

Pin Pross P,
Ec
where Fo is the energy stored in the capacitor, P;, is the
converter input power from FC stack, P,ss is the converter
power losses, and P, is the unknown load power.
2) Converter With One Active Phase: Following the same
procedure as earlier, the converter model in the case of one active
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phase can be derived as follows:
d (1
o (26’1}3) zvaLref—mI%mf—voio. (10)
—— ——
N—— Pin Ploss P,

Ec

In what follows, the outer-loop controller is designed based
on the equivalent converter model (9) and (10).

III. PROPOSED CONTROL STRATEGY
A. Voltage Controller Design

Denote y = % Cv(z), u = Iz, then the converter model (9)
and (10) can be rewritten as follows:

y:bu_Ploss_Po:bou+f (11)

where b s the system control gain, f = (b — by) u — Pjoss — Po
is the total disturbance to be estimated, and by is the controller
parameter to be tuned. The (11) can be rewritten as follows:

f:@x+@u+[?}f

~ — (12)
y= [1 0] T
——
C
where the state variable z = [z 22]7 = [y f]T .

To online estimate the total disturbance in real-time, the
following ESO for system (12) can be designed as follows:

2= Az + Bu+ Ge; (13)

where z =[21 2 |7, G =[g1 2]7, e1 =21 — 21 is the
observer error. The tracking form is z; — x1, and 2, — 3,
and ¢g; and g, are observer gains to be tuned. Generally, the
bandwidth method is used to tune the observer gains, that is,
g1 = 2w,,and g, = wg, w, 1s the observer bandwidth [22].
Finally, the control law can be designed as follows:
Uy — 22

such that the system (11) can be simplified as an integral unit

Y = uo 15)

supposing that the total disturbance is well-estimated by ESO.
Therefore, one can use the proportional control law to regulate

the output voltage.
Uozkp (Eref_zl) (16)

where ..y = % Cer Iz Viey 1s the voltage reference, and k, is
the controller parameter to be designed.

B. Stability Analysis

Define e = [ej ex e3]7, e = a1 — 21, e = 22 — 2, and
€3 = By — xy, it follows from (12) and (13) that the error
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Fig. 3. Bode plot of transfer function ¢4(s), wo= 400, and k;, = 400/3.

dynamics are

—g11 0 0
é=|—-¢0 0 e+ | f 17)
—k, =1 =k, 0
—_— ——
H
The eigenvalues of the matrix H in (17) are
M=k = —w,, A3= —kp (18)

which all located in the left-half plane if w, and £, are the pos-
itive number. The controller is globally asymptotically stable,
and the error dynamics can converge to the equilibrium point,

lime; = 0, lim e; = 0, and lim e3 = 0. In steady-state, the
t—00 t—00 t—00

output voltage can achieve v, = V..

C. Discussion About the Controller Parameters

As shown in (18), to ensure the controller stability, the control
parameters w, and k, should satisfy w, > 0 and k, > 0. The
w, mainly influences the disturbance estimation performance of
ESO. The larger w,, leads to a faster convergence speed of the es-
timation, and vice versa. It needs to note that in real applications,
due to the limited sampling rate of converter voltage, a too large
w, may introduce intolerable noise to the system. Moreover, the
k, mainly influences the control speed, and generally, there is
kp < wo.

The control parameter by is very key. For the conventional
controller, the by is set as the nominal value of the system control
gain b. However, the control gain b varies with input voltage and
the number of the active phase, introducing an extra estimation
burden for ESO, see (9)—(11). This phenomenon would deterio-
rate the controller performance in terms of disturbance rejection,
as analyzed theoretically in the following.

Define k;, = by /b, then the transfer function from the distur-
bance to output voltage can be derived as (19), according to

(11)=(16).

kys (s + g1+ kp)

_ . (19)
kys? (s + g1 + kp) + (kpg1 + 92) s + kpgo
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TABLE I
CONVERTER PARAMETERS

Description Symbol Value

Input voltage Vin 16 V

Output voltage Vier 48V
Switching frequency fs 25 kHz
Inductance L 400 uH
Inductor resistance T 0.40 Q
Capacitance C 1000 uF
Capacitor resistance e 0.04 Q

60
S s
g = 50
& = v two-phase
> 2 40 - - - one-phase
7
5
: ;
1
0
ol S——]
z
-100 2
-150
0.2 03 0.4 0.5
Time (s) Time (s)
(a) (b)

Fig. 4. Simulation results of the converter with different controllers, voltage
reference V.. ¢ steps from 40 to 56 V at r = 0.3 s. (a) Conventional controller.
(b) Proposed controller.

Fig. 3 shows the Bode plot of (19) with k; variation. It is
seen that larger k;, would result in weaker disturbance rejection
ability, as the disturbance is generally of low frequency.

In this article, we propose to adapt the parameter by as by =

nv;n, n is the number of active phases, to track the control gain
bsuchthat k; = 1.In this way, when the number of active phases
reduces, the estimation burden of ESO would not increase, and
the uncompromised disturbance rejection performance with the
different number of converter active phases can be maintained.

IV. SIMULATION RESULTS

The simulation model containing a two-phase interleaved
Boost converter and the controllers are established based on
MATLAB/Simulink environment, the converter parameters are
listed in Table I. The nonideal power switch ( 7., = 1 mf2,
V¢ = 0.5 V) and power diode (7o, = 1 mQ, Vy = 0.4 V) are
used. The controller parameters for inner-loop are A = 0.05,
a = 060, and that for outer-loop are w, = 400, w. = 60.
For the conventional controller, the parameter by is set as the
nominal value of system control gain, by = 32. For the proposed
controller, the parameter by is adapted in real-time, as discussed
in Section III.C.

A. Voltage Reference Step Response

Fig. 4 shows the simulation results when the voltage reference
Viey steps from 40 to 56 V. It is seen from Fig. 4(a) that for the
conventional controller, there is no voltage overshoot in the case
of two active phases. However, when the converter operating
in one active phase, the voltage overshoot occurs. In contrast,
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Fig. 5. Simulation results of the converter with conventional controller, input

voltage v;, = 16 + 4sin(207¢)V. (a) Case of two active phases. (b) Case of
one active phase.
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Fig. 6. Simulation results of the converter with proposed controller, input

voltage v;n, = 16 + 4sin(207t)V. (a) Case of two active phases. (b) Case of
one active phase.

for the proposed controller, the voltage response of two active
phases and that of one active phase are almost consistent, there
is no voltage overshoot, as can be observed in Fig. 4(b).

According to the above-mentioned analysis, both the con-
ventional controller and proposed one can achieve good per-
formance under two active phases. However, the proposed
controller can achieve a better step response under one active
phase. This is because that the proposed adaptive controller can
alleviate the estimation burden (absolute value of z;) through
adapting the parameter b in real-time.

B. Input Voltage Variation

Figs. 5 and 6 show, respectively, the simulation results of input
voltage variation with the conventional controller and the pro-
posed controller. The load resistance is 100 €2 and the sinusoidal
input voltage of v;, = 16+ 4sin(207t)V is applied to the
converter. It is seen from Fig. 5(a) and (b), for the conventional
controller, the output voltage fluctuation under one active phase
is larger than that under two active phases, indicating that for the
conventional controller, the disturbance rejection performance
would deteriorate when the active phase reduces from two to
one.
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Fig. 7. Simulation results of the converter with conventional controller, load

current ¢, = 0.7 4 0.2sin(207t)A. (a) Case of two active phases. (b) Case of
one active phase.
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Fig. 8. Simulation results of the converter with proposed controller, load

current ¢, = 0.7 4+ 0.2sin(207t)A. (a) Case of two active phases. (b) Case
of one active phase.

In comparison, for the proposed controller with adaptive by,
the output voltage fluctuation under one active phase is almost
the same as that under two active phases, as shown in Fig. 6(a)
and (b). This demonstrates that the proposed controller has better
performance, the strong antidisturbance performance can be
maintained under one and two active phases.

C. Load Current Disturbance

Figs. 7 and 8 present, respectively, the simulation results of
load current disturbance with the conventional controller and the
proposed controller. The input voltage is v;,= 16V, and the si-
nusoidal load current disturbance of i, = 0.7 + 0.2sin(207t)A
is applied to the converter. It is observed from Figs. 7(a) and
8(a) that when the converter operating in the mode of two
active phases, the output voltage fluctuation of the conventional
controller and that of the proposed controller are almost the
same. However, when the converter operating in the mode of one
active phase, the proposed adaptive controller can achieve better
performance with smaller voltage fluctuation, see Figs. 7(b) and
8(b). The results validate that the proposed adaptive controller
has stronger robustness against disturbance.

D. FC Application

To validate the feasibility of the proposed controller for FC
application, a 20-cell FC stack modeled in [25] is interfaced with
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Fig. 9. Simulation results of the converter interfaced with FC stack under

conventional controller, load current i, = 0.7 + 0.2sin(207t)A. (a) Case of
two active phases. (b) Case of one active phase.
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Fig. 10.  Simulation results of the converter interfaced with FC stack under

proposed controller, load current i, = 0.7 4+ 0.2sin(207¢)A. (a) Case of two
active phases. (b) Case of one active phase.

the converter. The sinusoidal load current disturbance of 7, =
0.7 + 0.2sin(207t)A is applied, the input FC voltage varies
accordingly. The results with the conventional controller and
proposed one are plotted in Figs. 9 and 10, respectively. As can
be seen from Figs. 9(a) and 10(a), when the converter operating
in the mode of two active phases, the conventional controller and
the proposed one can achieve almost consistent performance.
However, when the converter operating in the mode of one active
phase, the proposed controller can achieve better performance
with smaller voltage fluctuation, see Figs. 9(b) and 10(b). The
results validate again the stronger robustness of the proposed
adaptive controller against disturbances, and the feasibility of
FC application is also demonstrated.

V. EXPERIMENTAL VALIDATION

To further validate the effectiveness and robustness of the
proposed controller, a two-phase interleaved Boost converter
prototype has been built, the converter circuit parameters are the
same as in Table I. Fig. 11 shows the experimental set-up. The
controllers are implemented into the dSPACE platform and the
generated switch ON—OFF signals d; and d; are then phase-shifted
by 180° via FPGA board to realize interleaved operation. The
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Fig. 11.  Experimental set-up.
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Fig. 12. Experimental results of the converter with different controllers,

voltage reference V,..r steps from 40 to 56 V at r = 0 s. (a) Conventional
controller. (b) Proposed controller.

20-cell FC stack is emulated using the programmable power
source. The experimental figures are plotted based on the data
captured by the oscilloscope of Tektronix DPO2014B.

A. Voltage Reference Step Response

Fig. 12 presents the experimental results when the voltage
reference V,..; steps from 40 to 56 V at t = 0 s. The load
resistance is R = 100 €2, and the input voltage is v;,= 16 V.
It is observed that the obtained experimental results are similar
to the simulation results of Fig. 4. Moreover, as shown in Fig. 12,
both the conventional controller and proposed one can achieve
good performance when the converter operating in the mode of
two active phases. However, when converter operating in the
mode of one active phase, the proposed controller can alleviate
the estimation burden (absolute value of z;) by adapting by, thus,
a better step response can be obtained.

B. Load Current Sinusoidal Disturbance

Figs. 13 and 14 show, respectively, the experimental re-
sults with the conventional controller and proposed adaptive
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Fig. 13. Experimental results of the converter interfaced with FC stack under
conventional controller, load current 4, = 0.7 4+ 0.2sin(207¢)A. (a) Case of
two active phases. (b) Case of one active phase.
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Fig. 14.  Experimental results of the converter interfaced with FC stack under

proposed controller, load current i, = 0.7 + 0.2sin(207t)A. (a) Case of two
active phases. (b) Case of one active phase.

controller. The converter is interfaced with a 20-cell FC stack
and the load current of i, = 0.7 4 0.2sin(207t)A is applied to
the converter. The obtained experimental results are similar to
the simulation results of Figs. 9 and 10. As shown in Figs. 13(a)
and 14(a), when the converter operating in the mode of two
active phases, both controllers have similar performance. When
the converter operating in the mode of one active phase, the
proposed one can achieve better performance with smaller volt-
age fluctuation, see Figs. 13(b) and 14(b). It is noted that the
waveform of by is not as smooth as that in the simulations, this
is because to export the value of by to the oscilloscope, a digital-
to-analog converter is used, which has limited accuracy. The
experimental results validate again the stronger robustness of
the proposed controller against disturbances and the feasibility
of FC application.

VI. CONCLUSION

Due to the FC nonlinear volt-ampere characteristic, it is
necessary to interface with a dc—dc converter to satisfy the load
requirement. In this article, a robust adaptive controller based on
the ADRC algorithm is proposed for an interleaved dc—dc Boost
converter for FC application. The unknown load power and
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variation in the number of active phases are treated as part of the
total disturbance, which is estimated by ESO and canceled in the
control law. The parameter by is adapted in real-time to alleviate
the estimation burden of ESO. Simulation and experimental
results demonstrate that in comparison with the conventional
ADRC, the proposed controller can achieve stronger robustness
against unknown external disturbances. Especially, the strong
antidisturbance performance can be maintained with the varied
number of active phases. The proposed controller can also be
extended to other interleaved converters.
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