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Abstract

Adaptive control of a peak current mode controlled (PCM) boost converter supplied by a PEM fuel cell is described in this paper.
The adaptive controller with reference model and signal adaptation is developed in order to compensate the deviation of the response
during the change of the operating point. The procedure for determining the adaptive algorithm’s weighting coefficients, based on a
combination of the pole-zero placement method and an optimization method is proposed. After applying the proposed procedure, the
optimal adaptive algorithm’s weighting coefficients can be determined in just a few iterations, without the use of a computer, thus
greatly facilitating the application of the algorithm in real systems. Simulation and experimental results show that the dynamic
behavior of a highly nonlinear control system with a fuel cell and a PCM boost converter, can fairly accurately be described by the
dynamic behavior of the reference model, i.e., a linear system with constant parameters.
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I.  INTRODUCTION

Renewable energy sources are becoming more and more
important in the global electricity network. Particularly, fuel
cells have a great potential for replacing fossil fuel based
energy sources, as a result of their availability and especially
cost reduction due to technology. DC/DC converters, which
must ensure a stable voltage link (e.g. microgrid voltage)
irrespective of the operating point determined by the load
connected to the link, are indispensable parts of systems with
fuel cells. Thereby, different topologies have been researched
[1]-[11].

It is shown that some advanced control techniques should
be used to control the voltage of systems with fuel cells.
Some of these methods include indirect model reference
adaptive control [12], model reference adaptive control with
signal adaptation algorithm [13], and nonlinear control
[14]-[20]. However, the dynamics of such systems is always
slow compared to the dynamics of DC/DC converters.

This paper deals with a concept of peak current mode
controlled (PCM) boost converter supplied by a PEM fuel
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cell. The output voltage of the PEM fuel cell BCS 64-32 [22]
is in range from 19 V to 31 V and the boost converter has to
raise it to 50 V. This system is part of a microgrid in the
Laboratory for Renewable Energy Systems (LARES) [23],
built at the University of Zagreb, Faculty of Electrical
Engineering and Computing.

The system description and the procedure of modeling the
system with PCM boost converter supplied by a fuel cell
suitable for controller design purposes is presented in detail
in [24]. The introduction given in [24] also applies in this
paper. Since the system with the PCM boost converter
supplied by the PEM fuel cell is a highly nonlinear and
non-minimum phase system, the classical control approach
could not successfully deal with control problem. The
influence of the non-minimum phase behavior to system
response can be reduced by a careful design of the boost
converter components, as shown in [24], and nonlinearities
are proposed to be compensated for by an adaptive controller
using the reference model and signal adaptation algorithm of
a reduced order as described in this paper.

This paper is divided into several sections. Inner control
loop of the adaptive system, implemented using a basic PI
controller as an auxiliary component of the adaptive system,
is described in Section II.

A model reference adaptive control scheme with signal
adaptation algorithm is described in Section I11. A full order
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algorithm and a reduced order algorithm are described in
detail, and the procedure of model order reduction applied to
the PCM boost converter supplied by the PEM fuel cell is
given.

An application of the model reference adaptive control
with reduced order signal adaptation algorithm to a process
with the PCM boost converter supplied by the PEM fuel cell
is described in Section IV. Likewise, a procedure for the
determination of optimal adaptive algorithm coefficients is
described, and simulation and experimental results are given.

Finally, important conclusions are given in Section V.

Il. ADAPTIVE SYSTEM INNER CONTROL LOOP
DESIGN

The control system installed in the Laboratory for
Renewable Energy Systems (LARES) [23], [24], consists of a
500 W fuel cell BCS 64-32 (Fig. 1), manufactured by BCS
Fuel Cells Inc., a 450 W boost converter specifically
designed and built in the Croatian company Mareton Power
Electronics (Fig. 2), a Magna Power Electronics fuel cell
emulator (Fig. 3) [25], [26], and finally a Compact RIO
(cRIO) 9024 digital controller with input-output modules,
manufactured by the National Instruments company, which
will be used for the experimental identification of the system
parameters, estimation of state variables and implementation
of digital control algorithms [24], [27], [28].

Inner control loop of the adaptive system is implemented
with a basic PI controller (Fig. 4). The basic PI controller, as
an auxiliary component of the adaptive control system, is
designed for the nominal operating point of the process,
determined by the converter output current Iy, = 9 A. In all
other operating points the control system with the basic PI
controller must be stable. Additional required conditions
include good and fast compensation of disturbances (change
of output current or resistive load at converter output), and
minimum oscillations.
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F'ig. 1. 'fhe part of the hydrogen facility in the Laboratory for
Renewable Energy Systems — LARES.

Fig. 2. DC-DC boost converter, designed in Mareton Power
Electronics.

Fig. 3. Front panels of the fuel cell emulator Magna Power
Electronics and the programmable electronic load HP 6050A.
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Fig. 4. The block schematics of the control system with the basic
PI controller and FOS estimator.

A continuous transfer function of the Pl controller is:

Ai, (s 1+T,s
GR (S) — r( ) =Kg- | ,
Avout,r(s) _Avfb (S) TIS

1)
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where:

Ai.(s) — controller output signal (boost converter
control signal) (0 — 25 mA),

Av,, . (s) — output voltage reference value (setpoint)
V),
Av (S) measured output voltage of the boost
converter (feedback voltage) (V),

K - controller gain and

T, —controller integral time constant (s).

Designations A in (1) and further in paper represent
changes of values around the operating point.

The process in its nominal operating point is described by
[24]:

K, -(1+TDpS)

Avg (s)
G (s)=—2L= . 2
»(5) Ai(s)  (1+Ts)(1+T,8)(1+Tys) @)
where: Kp =461 , TDp =0.1576 s, T,=0.1142 s,

T,=0.0171s, T, =0.00035s.

All requirements on the basic Pl controller are satisfied by
the choice of its parameters K, =0.085 and T, =4.4 ms

[21].

I1l. MODEL REFERENCE ADAPTIVE CONTROL WITH
SIGNAL ADAPTATION ALGORITHM

The influence of small changes of parameters on system
behavior can be sufficiently well compensated for by the
classical control algorithms (PID). However, significant
changes in parameters cause large deviations from the desired
behavior of the control system. To achieve the desired
behavior of such a control system, it is necessary to apply
some of the advanced control algorithms.

The compensation of changes of the system parameters or
system nonlinearities can be achieved by gain scheduling
controllers [29], [30] or their advanced forms such as linear
parameter varying (LPV) control methods [31] and
multimodel approach [32], then by selftuning controllers [29]
or by model reference adaptive control (MRAC) [29], [30],
[33], [34]. System nonlinearities can be compensated for by
model predictive control (MPC) as well [35], [36].

The gain scheduling controllers are suitable if there exists a
connection between measurable process variables and process
parameters. By sensing the process variables and applying the
connection between them and the process parameters, the
controller parameters are changed to compensate for the
effects of changes of process parameters.

The selftuning controller usually requires persistent
excitation for the process identification part of the algorithm,
which is forbidden in some processes.
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Fig. 5. The block schematics of the model reference adaptive
system.

The model reference adaptive controllers (Fig. 5) have the
advantage of simplicity of implementation and at the same
time speed of adaptation, because they do not require
continuous estimation of process parameters. The basic task
of the model reference adaptive system is to achieve that an
output signal of the process asymptotically follows the output
signal of the reference model. Model following is ensured by
an adaptation mechanism which adjusts the parameters of the
adjustable system (parameter adaptation) or generates an
additional control (adaptation) signal which minimizes the
difference between output signals or state variables of the
adjustable system and output signals or state variables of the
reference model (signal adaptation).

Parameter adaptation with a reference model contains
integral parts, thus requiring more iterations for adjusting the
optimal controller parameters and a new adjustment every
time when process parameters are changed [37]. The
advantage of signal adaptation with a reference model is that
it does not contain any integral parts and therefore does not
require learning. It acts instantly (in the first iteration) on any
deviation between output signals or state variables of the
adjustable system and the reference model.

Conventional approach in the adaptive control theory
requires the full order of the reference model as well as full
state variable vector in the adaptation mechanism. However,
usage of the reduced order of the reference model and
adaptation algorithm could simplify the controller and keep
the satisfactory response.

The conventional adaptive control theory with full order
reference model is used for developing the structure of the
control algorithm, and after that the algorithm is modified in
order to become more suitable for control of the described
converter supplied by the fuel cell.
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Fig. 6. The adaptive system with the reference model and the
signal adaptation algorithm in the outer control loop.
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Fig. 7. The adaptive system with the reference model and the
signal adaptation algorithm in the inner control loop.

A. Signal adaptation algorithm with a full order
reference model

The signal adaptation algorithm generates an additional
control signal u,, which minimizes the difference between
reference model output yy and adjustable system y (Figs. 6
and 7). The adaptation signal acts at the system input so that
the adaptation mechanism forms an outer control loop, while
the adjustable system with the basic controller forms an inner
control loop (Fig. 6).

The second possibility is that the adaptation signal acts
after the basic controller (Fig. 7), so that the adaptation
mechanism forms an inner control loop, while the basic
controller acts in the outer loop.

Single input single output (SISO) linear time invariant
systems can be described in state space form:

x(t)=Ax(t)+bu(t), 3)
where:
A — system matrix (nxn),
b — system input vector (nx1),
X — vector of system state space variables (nx1),
u — system input (1x1).

The reference model is described by:

X () = AyXy (1) +byyu, (1), 4

where:
Ay — reference model matrix (nxn),

b\ — reference model input vector (nx1),
Xwm — vector of reference model state space variables (nx1),

uy — referent signal u, or ug (1x1), depending on
adaptation structure (Fig. 6 or 7).

According to Figs. 6 and 7, signal u, is determined by:
(1) =u(t)-u, (0) ©)
where: u, — adaptation signal.
The error following vector is determined by:

e(t)=xy (t)—x(t). (6)
From the state space representation of system (3) and
reference model (4), equations (5) and (6), and after adding

and subtracting Ay X, the expression for the error derivative is
obtained:

&(t) =Xy (t) - x(t) = Aye(t) + o (t) —bu,(t), @)
where:
o(t)= (A —A)x(t)+(by ~b)u,(t). 8)

Vector ¢ is determined by variations of the system (plant)
parameters from the reference model parameters.

The adaptation signal u,, which will ensure the complete
following of the reference model, is obtained by solving the
equation (7) by u, and including the conditions for complete
following of the reference model (e=0 and ¢=0):

uy(t)=b'o(xt), 9)
where: b* =(bTb)71 b" — Moore-Penrose pseudoinverse of
vector b.

On substituting (9) into (7), the following is obtained:

e(t)=Aye(t)+(1-bb*)o(xt), (10)

from which the necessary and sufficient Ercberger’s
condition for complete following of the reference model is
obtained [38]:

(1-bb)e(x,t)=0, (11)

where: | — unity matrix.

Since the products in (11) are different from zero, to fulfill
the Ercberger’s condition (11), it is necessary to synthesize
the adaptation signal u,, which is contained in the vector o.

The stability of the adaptive controller can be shown using
Lyapunov’s stability criterion, provided that all state space
variables of the system are known. The appropriate
Lyapunov’s positive definite function has a quadratic form:

v =%eT Pe, (12)
where: P — positive definite matrix determined by the
well-known Lyapunov’s matrix equation:

ATP+PA=-Q, (13)
where: Q — positive definite matrix.
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The derivation of Lyapunov’s function (12) is determined
by:
V =¢"Pe+e'Pé. (14)
On substituting (7) into (14), the following is obtained:

V =-e"Qe+2e"Po—2¢ Pbu,. (15)

The derivation of Lyapunov’s function (15) will be
negative definite if the sum of the second and the third
operand in relation (15) is negative, i.e. if the following
holds:

e'Pbu, >e"Po. (16)
The product e Pb is scalar for SISO systems, so it can be
written:
¢'Pb=(e'Pb) =b"P'e=b"Pe. 7
The scalar (17) is called the generalized error and is
designated as v:
v(t) =b"Pe(t). (18)
The part b'P of the expression (18) is called an error
weighting coefficient vector and is designated as d:
d"=b"P. (19)
By dividing the inequality (16) with the scalar eTPb, i.e.
the generalized error, the following is obtained:

e'Po

u,>—=——, e'Pb>0,
UA<T—U, eTPb<O,
e Pb

or shorter:
u,>b’s, e'Pb>0,
u,<b’c, e'Pb<0.
The conditions (20) or (21) will be satisfied if the
adaptation algorithm has the form:
uA(t):hsign(v(t)), (22)
where: h - adaptation coefficient, which according to

conditions (20) or (21), has to have a minimal value
determined by:

(21)

h>|b*

“[o]- (23)

For the positive definite Lyapunov’s function (V >0),

whose derivative is negative definite (V <0), it is necessary
and sufficient to fulfill the Ercberger’s condition (11) in order
to ensure complete following of the reference model.

To determine the minimum value of the adaptation
coefficient h, it is necessary to estimate the matrix norms in
(23). The norm estimate of the vector e is obtained from (8):

ol < JAw = Al [x]+[bw =] -u - (24)

For estimating the norms in (24), matrices Ay and by,

which are known and have constant coefficients are used,
while matrices A and b are used for the case of maximum
deviation of adjustable system parameters from the reference
model parameters. The norms |[x| and |u] can be

estimated by simulation of the adaptive system for the
previously determined parameters of the adjustable system
and for the highest allowed change of the system input signal.

Since the signal adaptation algorithm (22) causes constant
high frequency oscillations in the system, which is not
suitable for most real systems, modification of the algorithm
is needed. One of the possible modifications of the adaptation
algorithm (22), which removes the constant high frequency
oscillations in the system, is replacing the sign function in the
algorithm by a saturation function:

h,  for v(t)>v,

uy(t)=sat(v(t),h) =K v(t), for |v(t)<v,, (25)
—h,  for v(t)<-v,

v(t)=d'e(t), d'=b'P, (26)

where:
K, — generalized error gain coefficient,

v — linear area of the saturation function.

If using the signal adaptation algorithm with the saturation
function (25), the adaptive system is completely linear in a
vicinity of an equilibrium point, i.e. the adaptation signal can
be expressed as:

u,=Kde 27)
The differential equation of the error in that case has the
form:

¢=(Ay -K,byd )e+(Ay —A)x+(by, ~b)u,, (28)

X1

and the stability condition is that the matrix (AM - KvbMdT)

in (28) is Hurwitz’s matrix, i.e. its eigenvalues (characteristic
values) must lie in the left half-plane of the complex s-plane.

Beyond the linear area of the saturation function, the
adaptation algorithm (25) behaves like the adaptation
algorithm with the sign function (22), thus ensuring that the
generalized error will return to the linear area, i.e. ensures the
stability of the adaptive control system.

As may be seen from the differential equation of the error
(28), complete following of the reference model is not
possible, due to the last two uncompensated addends.

The coefficients of matrix P, and thereby of vector d' can
be determined from Lyapunov’s matrix equation (13), with
given coefficients of matrix Q. However, due to arbitrary
choice of the coefficients of matrix Q, the error weighting
coefficients obtained in that way do not result in best
adaptation, i.e. the smallest error value in the transient
response, so these weighting coefficients are not optimal. To
obtain the best (optimal) adaptation system, all coefficients of
matrix Q should be optimized.
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B. Signal adaptation algorithm with a reduced order

reference model

The major disadvantage of the previously described signal
adaptation algorithm with the full order reference model is
that a relatively large number of adaptive algorithm
coefficients has to be determined (at least equal to the system
order n). Since the procedure of determining the optimal
coefficients is neither straightforward nor simple due to the
inevitable use of some sort of optimization, it is prudent to
reduce the number of coefficients in the algorithm, and at the
same time retain the good properties of adaptation. In this
regard, the adjustable system and reference model are
described with mathematical models of reduced order.

Real processes can be very well approximated by a model
of third order or lower in an operating point. By carefully
selecting the parameters of the model, the maximum
approximation error can be reduced to within 10%, and can
be merged with the rest of the process uncertainties, which
are always present, because we always make some modeling
assumptions that affect the accuracy of modeling to a greater
or lesser degree.

In that case, the systems with one input and one output
(SISO) in the operating point can be described in state space
form by linear time invariant terms and unknown but
bounded function of uncertainties and disturbances, with n<3:

X(t)=Ax(t)+bu(t)+f(t,x,u), (29)
where:
A — system matrix (nxn, n<3),
b — system input vector (nx1, n<3),
X — vector of system state space variables (nx1, n<3),
u — system input (1x1),

f(t,x,u) - unknown, but bounded function of
uncertainties and disturbances.

The reference model is described by (4), and it has to be of
the same order as the reduced system (29).

From the state space descriptions of the reduced system
(29) and reference model (4), expressions (5) and (6), and
after adding and subtracting the term Ay X, an expression for
the error derivative of the reduced order adaptive system is
obtained:

e(t) =Xy (t)-x(t)=Aye(t)+a(t)-bu,(t),  (30)
where:
o(t)=(Ay —A)x(t)+(by, —b)u (t)-f(t,x,u). (31)
The adaptation signal u,, which ensures the complete
following of the reference model, is obtained in the same way
as in the case of using the full order state variables vector
(expressions (9) — (15)) and it is determined by (22). The only
difference is in the estimate of the minimal value of the
adaptation coefficient h:

h>

o] Jol. (32)
where the norm of the vector o is estimated by:

ol <A = Al 4+ 1oy =B Ju -+ [f (txu)]. - (33)

For estimating the norms in (33), matrices Ay and by,

which have known and constant coefficients, are used, while

matrices A and b are taken for the case of maximum
deviation of the adjustable system parameters from the

reference model parameters. The norms [x| and [u,| can

be estimated by simulation of the adaptive system for the
previously determined parameters of the adjustable system
and for the highest allowed change of the system input signal.

The norm ||f (t,x,u)" is determined from the maximum error
that is consciously done by approximation of the real system
with the reduced order model.

If using the signal adaptation algorithm with the saturation
function (25) for eliminating constant high frequency
oscillations, the differential equation of the error has the
form:

e=(A, -K,b,d Je+(A, —A)x+
+(by —b)u, —f(t,x,u),

and the stability condition is the same as in the case of
using the adaptive algorithm of the full order, i.e. the matrix

(AM - KVbMdT) in (34) has to be a Hurwitz matrix.

(34)

As may be seen from the differential equation of the error
(34) complete following of the reference model is not
possible, due to uncompensated second and third addend and
unknown function of uncertainties and disturbances f. As a
result, the coefficients of the adaptive algorithm have to be
chosen so that the maximum error in the transient response of
the system is kept as small as possible.

C. Adjustable system and reference model order
reduction

The process which consists of the PCM boost converter and
the fuel cell emulator is described in the nominal operating
point by the transfer function (2), while the basic controller,
whose parameters are constant independently of the operating
point (Kg = 0.085, T, = 4.4 ms), is described by the transfer
function (1). Therefore, the closed loop transfer function of
the control system with the basic controller in the nominal
operating point is given by:

Avy(s)  Gg(s)G,(s)
Ca(8)="20,(5) "1+ 6, (55, (5)' (39)

where: Au,— the change of referent signal of the control
system.

It is obvious that the transfer function G(s) is of the
fourth order. A pole-zero map of the transfer function G (s)
is shown in Fig. 8.
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Fig. 8. The pole-zero map of the transfer function G, (s) (35).

It is clearly seen from Fig. 8 that two pairs of poles-zeros
are placed very close to each other, and can be canceled. The
error that is made by cancellation can be partially
compensated for by the correction of the placement of the
remaining pair of poles.

Therefore, the transfer function of the reduced system
(without the filter at the referent signal branch) is obtained:

s (s):Avfb(S): o}
o Au,(s) s*+2lws+a;’

(36)

where the relative damping coefficient ¢ and natural
frequency of undamped oscillations wo are determined by
minimizing the difference between the experimentally
recorded step response of the feedback voltage and the step
response of the reduced order system model (36), by using
the integral square error (ISE) or some other integral criterion
[39].

After carrying out the optimization procedure in the
nominal operating point (Ioy: = lowmax = 9 A) by using the ISE
criterion, the parameters are obtained:

@y, =3051.6 57,
¢, =0.38.

The experimentally recorded step response of the feedback
voltage and the step response of the reduced model (36) with
parameters (37) are shown in Fig. 9. It is seen from the
responses shown that the maximum error of approximation
equals 5.7%, which is an acceptable error value in practical
applications.

After applying the same optimization procedure in the
operating point determined by the lowest output current I, =
loumin = 1 A, the parameters are obtained:

@y, = 2174357,
£, =0.462.

The experimentally recorded step response of the feedback
voltage and step response of the reduced model (36) with

@37

(38)
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Fig. 9. The experimentally recorded step response of the
feedback voltage and step response of the reduced model (36)
with parameters (37), with the change of

Au, =0.0176S(t —0.0046) , and the error of approximation.
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Fig. 10. The experimentally recorded step response of the
feedback voltage and step response of the reduced model (36)
with parameters (38), with  the change  of
Au, =0.0176S(t —0.0084) , and the error of approximation.

parameters (38) are shown in Fig. 10. The maximum error of
approximation equals 9.1% in this case, which is also an
acceptable error value in practical applications (less than
10%).

The behavior of the process in the nominal operating point
represents the referent (desired) behavior of the process
(adjustable system), so the reference model is designed to
describe the behavior of the process precisely in the nominal
operating point (loyt = loumax = 9 A). The opposite boundary
operating point represents the point in which the deviation
from the referent (desired) behavior is the largest (lo =
loutmin = 1 A). The converter in the nominal operating point
works in a continuous conduction mode, while in the opposite
boundary operating point (Iou = loutmin = 1 A) it works in a
discontinuous conduction mode.
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IV. APPLICATION OF THE REDUCED ORDER SIGNAL
ADAPTATION ALGORITHM

In this section, a procedure of model reference adaptive
controller with reduced order signal adaptation algorithm
design is proposed. The adaptive controller is designed for
the control of processes consisting of the fuel cell BCS 64-32
(emulator in the experimental setup) and PCM boost
converter, both described in detail in [24]. A part of the
process is the basic Pl controller, designed in Section Il. The
procedure of the adaptive controller design is described for
the adaptive algorithm in the outer loop (Fig. 6).

After applying the model order reduction for the process
with the basic controller (section I111-C), its transfer function
is described by (36).

The parameters of the transfer function (36) w, and { are
changeable, depending on the operating point. For the
operating point determined by oy = loumin = 1 A, parameters
wgo and ¢ are determined by using (38), while for the nominal
operating point Iy, = lowmax = 9 A, parameters w, and { are
determined by means of (37). For any other operating point in
that range 1, €[1, 9] A, the natural frequency of undamped

out
oscillations is in the range @, €[2174.3, 3051.6] s, and the

relative damping coefficient is in the range {€[0.462, 0.38]
(falling when | rises).
The description of the process with the basic controller (36)

in the state space, with the choice of state variables x, =v,,

and x, =V, is given by:

S L o

where: u — input signal of the process, consisting of the
reference signal u, and the adaptation signal u,:
u(t)=u (t)+u.(t). (40)
The reference model is chosen to describe the behavior of
the process in the nominal operating point as accurately as
possible. Therefore, its transfer function is determined by
(Section 11-C):
Av s 2
G, (S)= fb‘M( ): . Dmo _ (41)
Au (s)  S*+24,0y05+oh,
where: @, =@,,=3051.6 and ¢, =¢,=0.38.

The description of the reference model (41) in the state
space, with the choice of state variables x,, =vy, and

Xm2 =Vim » IS given by:

{:::i((ttﬂ ) La())fﬂo —Zg“;wMJ{:zz?tﬂ“{w%Jur (t). (42)

The adaptation signal u, is a saturation function (with a
unity gain of the linear region, K, =1) of the generalized
error v:

u,(t)=sat(v(t),h), (43)

where h — saturation limit, and the generalized error is
given by:

v(t)=d; - (X =% ) +d; - (X = X,). (44)

If the adaptive system is operating in the linear region of

the saturation function, the adaptation signal can be written
as:

UA(t):dl'(XMl_X1)+d2'(XMz_Xz): (45)
where: d; and d, — error weighting coefficients of the
adaptive algorithm that need to be determined.

By inserting (45) into (40), then (40) into (39), and
merging the state space descriptions (39) and (42), the
complete state space form of the adaptive system is obtained:

% (t) x(t) 0
Xz(t) Xz(t CU;
fua() |~ (0 7] 0 |
Xz () Xz ()] L@io (46)
X (t)
X, (t
-0 0 0 o #) (o)
Xz (t)
where:
A, = —(1+dl)a)§ —(2§a)o+d2a)g) d,c? d,0
0 0 —a),\zw —ZCMwMO

The transfer function of the complete adaptive system (46)
is given by:

Y(s)

U, (s)

wg[sz +(dy00 + 2y @y )5+ (1+ dl)waOJ

(s2 +2§Ma)Mos+wa0)[sz +(2§w0 +d2w§)s+(1+ dl)a)g]

With positive process and reference model parameters (wg
>0, >0, wwo >0 and ¢y > 0), the necessary stability
conditions of the adaptive system are easily obtained:

d,>-1,
48
d, >—£. “8)
@y

Considering the variability of the process parameters wg

and ¢, the minimal value of the coefficient d, is determined

for the worst which applies when ¢ =¢,,

For the given process parameters, the

case,
and @, = @y oy -
conditions for the error weighting coefficients are obtained:
d,>-1

49
d, >-2.49-10™* 49)

(47)
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A. Determination of optimal values of error weighting
coefficients of the adaptive algorithm

In this paper a combined procedure based on the placement
of poles and zeros and an optimization method is proposed
for the determination of optimal values of error weighting
coefficients of the adaptive algorithm. The procedure is
described below.

It is proposed that the adaptive system is designed for the
operating point which is the farthest from the nominal. In this
case the boundary operating point is determined by lo: =
louwmin = 1 A, and the reduced model process parameters are
@, =2174.3and { = 0.462.

The adaptive system described by the transfer function (47)
has four poles and two zeros:

260, - 0,07 £ (26, + 4,02 ) ~4(1+0,)f

P2 2 ,
2 2
:_ZCMwMOi\/(ZgMa)MO) _45‘)M0
* 2 (50)
7 :_2§Mwmo_dzwr\2/10+
1.2 2 +
2
+\/(2§Mwm+d2w;0) —4(1+d,) e},
+ > .

The pole-zero map of the adaptive system withd,; =d, =0
(no adaptation) is shown in Fig. 11, and the responses of that
(non-adaptive) system to step changes of the reference signal
are shown in Fig. 12. It is evident from Fig. 11 that the poles
of the reference model are canceled by the zeros of the
adaptive system. Since it is desirable to achieve the best
possible following of the reference model, it would be ideal
to transfer the zeros to the process poles. This, of course, is
not possible in such system configuration, so in this paper it
is proposed that the process poles and the adaptive system
zeros be transferred to the real axis of the complex s-plane in
a way that the pole on the real axis closer to the origin of the
coordinate system cancels the zero closer to the origin, and
the remaining pole and zero are placed as far away from the
origin as possible, so that they would not affect the dynamics
of the adaptive system.

According to the pole-zero map p;, and z,, in (50), that
request is achieved with:

(22w, + dza)(f)2 —4(1+d,)w¢ >0,

) (51)
(28 @yo+d,00,) —4(1+d,) o, >0,
from which the following conditions are obtained:
d, < ledj +¢myd, + ¢ -1,
! (52)

d, < %a}fwdg + & yyod, + &2 -1

The boundary cases for conditions (52) are given by:

Pole-zero map
3000

2000 5

1000

[megnary axis

-1000

-2000

30002
-1200 -1000 -800 800 400 -200 0
Real axis
Fig. 11. The pole-zero map of the adaptive system for
coefficients values d; = d, = 0 (no adaptation).
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Fig. 12. Responses of the system without adaptation (d; = d, =
0) xu1 and x4, errors e =X,,, —% and adaptation signal u,, on

the step change of the reference signal u, (t) = 0.0176S(t) .

d1=%w§d22+§a)od2+§2—l, (53)

d1=%wsﬂodzz+§MwMod2+§r\2/| -1 (54)

The graphical dependence of the relation of coefficients d;

and d,, according to (53) and (54), is shown in Fig. 13. It is

evident from Fig. 13 that the request (52) is fulfilled for large

values of coefficient d, and at least 10 times smaller value of

the coefficient d; than the appropriate point on the lower
curve in Fig. 13.
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Fig. 13. The graphical dependence of relation of coefficients d;
and d,, according to (53) and (54).
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Fig. 14. The pole-zero map of the continuous adaptive system
with error weighting coefficients d; = 12.7 and d, = 0.01.
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Fig. 15. Responses of the adaptive system X,,, and X, error
e =Xy, — X% and adaptation signal ua, on the step change of the
reference signal wu, (t)=0.0176S(t) , with d,=12.7 and

d,=0.01.

In practical applications, excessive value of coefficient d,
causes significant amplification of the noise, because the
coefficient multiplies the derivative of the error.

For example, if the coefficient d, is chosen to be d, = 0.01,
then according to curves in Fig. 13, the coefficient d; has to
be at least 10 times smaller than 127. If the exact 10 times
smaller value is chosen d, = 12.7, the pole-zero map of the
adaptive system shown in Fig. 14 is obtained, and it shows
that the request (52) is achieved, i.e. the dynamics of the
adaptive system is determined by the dominant pair of the
reference model poles. This is also confirmed by responses of
the adaptive system to step changes of the reference signal
shown in Fig. 15. As may be seen, the maximum error e, .

is reduced from e . =35% to approximately e . =2%

when using an adaptive controller.

By additional reduction of the d,, e.g. to the value d, =
0.001, the first coefficient is obtained in a similar way, and it
has the value d; = 0.14. In this way the sensitivity of the
adaptive algorithm to the noise is reduced. Furthermore, from
responses shown in Fig. 16, it is evident that the quality of
adaptation is worse than in the previous case. The maximum

error is reduced from e . =35% to approximately
€ max =17% .

1, max

It is obvious from all this that practical applications require
a compromise between good following of the reference signal
and sensitivity to noise. The value of the coefficient d, is
therefore optimized, and the value of the coefficient d; is set
at a value at least 10 times smaller than the appropriate value
determined by (52).

In the configuration of the adaptive system shown in Fig. 6,
it is proposed that the saturation limit h in (25) equals 10 do
20% of the value of maximum reference signal range. In this
case it is a value of h = 1. A good design of the adaptive
controller with the saturation function (25) should always
ensure operation in the linear region of the saturation
function.

The gain coefficient of the linear region of the saturation
function K, is proposed to be set to unity value K, = 1, and in
practical applications it can be used for reducing the
oscillations that may occur in the adaptation signal.

B. Simulation results

The block schematics of the adaptive system with
nonlinear models of the fuel cell BCS 64-32 and PCM boost
converter, with a fast output sampling (FOS) estimator of
state variables [21, 40], for the simulation in
MATLAB-SIMULINK is shown in Fig. 17.

System responses without adaptation are shown in Fig. 18.
The maximum error due to the change of the reference signal
equalse, ., =26.2% , and the maximum feedback voltage

drop due to the change of the disturbance signal
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Fig. 16. Responses of the adaptive system x,,, and X, error
e =Xy, — X and adaptation signal ua, on the step change of
the reference signal u,(t)=0.0176S(t), with d, =0.14 and
d, =0.001.
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Fig. 17. The block schematics of the adaptive system with
nonlinear models of the fuel cell BCS 64-32 and PCM boost
converter, with FOS estimator of state variables, for the
simulation in MATLAB—SIMULINK.

=0.153 V.

The same responses of the adaptive system with

equals Av

fb, max

coefficients d, =0.14 and d,=0.001 are shown in Fig. 19.

It is seen that the maximum error due to the change of
reference signal is reduced to e . =11.7% and the

1, max
maximum feedback voltage drop due to the change of the
disturbance signal is reduced to Av =0.073 V, which is

b, max
more than two times!

As already mentioned, the increase in the value of the
coefficient d, should result in even better adaptation. More

8o — : :
= —
8.95 = | e | |
88 i l' / — ™
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11 (V)
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1] 0005 001 0015 002 0025 003 0035 004

t(s)
Fig. 18. System responses without adaptation (d; = 0 and d, = 0)
Xwi and X;, errors e =X, —-% and e, =Xx,,—X, and
adaptation signal ua, on the step change of reference signal
u (t)=8.799+0.088S(t) VvV and  disturbance  signal

i, (1) =1+8S(t-0.02) A.

precisely, by doubling d, to a value of d, = 0.002 and setting
the value of coefficient d; at a value 10 times smaller than the
minimal one determined by (52), which is d, = 0.59, the
responses shown in Fig. 20 are obtained. An additional
reduction of errors is achieved to values e, =7.9% and

1, max

AV =0.044 V, which is a reduction of almost 3.5 times.

b, max
However, the beginning of oscillations in the adaptation
signal is also seen, which is a potential problem for
application in real systems, due to the presence of noise.

C. Experimental results with the FOS estimator

In the Labview software environment the adaptive
controller with reduced order reference model and signal
adaptation algorithm, and with the FOS estimator of the state
variables [21, 40], is implemented for application in a
National Instruments CompactRIO 9024 FPGA hardware
system. The adaptive algorithm is realized with the sample
time t=30 ps.

Experimental responses of the system without adaptation
are shown in Figs. 21 and 22. The maximum relevant error
due to the change of reference signal equals e, . =16%

max

(the error is here defined as e =X, — X, where x; is the
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Fig. 19. Responses of the adaptive system xy; and x;, errors
€ =Xy, —% and e, =X,,—X, and adaptation signal ua, on
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the step change of
u,(t)=8.799+0.088S(t) V and

i, () =1+8S(t—0.02) A, with d, =0.14 and d, =0.001.

estimated state variable). The error is larger when the basic
controller is in the saturation region (due to the limited output
0 — 25 mA), but that case is not considered because the
control system is then practically in the open loop. The
maximum feedback voltage drop due to the change of the
disturbance signal equals Av, . =0.116 V.

The same responses with the adaptation coefficients
d,=0.14 and d,=0.001 are shown in Figs. 23 and 24.

It is evident from these responses that the maximum
relevant error due to the change of the reference signal is
reduced almost 3 times to a value of e . =5.7%, and the

maximum feedback voltage drop due to the change of the
disturbance signal is reduced more than 2 times to a value of

Av =0.055 V.

fb,max

Even though the analysis of the obtained results shows that
the adaptation results are very good, a significant
amplification of the noise in the control and adaptation signal
is seen, which is not desirable. The reason for this is in
asynchronism of clocks of the modulation signal and the fast
output samples of the FOS estimator.

Therefore, for this application a modification is proposed
to minimize the influence of the noise in the experimental
setup on the quality of the adaptive control system.
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Fig. 20. Responses of the adaptive system xy; and Xi, errors
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Fig. 21. Responses of the system without adaptation (d; = 0 and

d, = 0) Xw1 and Xy, error e, =X, — X, control signal I, and

adaptation signal u,, on the step changes of the reference signal

Au, =+0.088 V, for the operating point Iy = Imin = 1 A.
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Fig. 24. Responses of the adaptive system x; and xq, error
€ = Xy, — X, , control signal I, and adaptation signal u,, on the
step changes of the disturbance signal Ai,, =+8 A, with
d,=0.14and d, =0.001.

D. Experimental results with a derivative of the feedback
voltage

The responses to the change of reference signal, shown in
the previous subsection 1V-C, were strongly influenced by
process and measurement noise in the adaptive system. This
influence caused that step changes of referent output voltage
had to be set to a value of Au, =+0.088 V (Av,, =£0.5 V).

Thereby, the basic PI controller output, in the operating point
determined by I, = 1 A, is in the saturation region, when the
referent voltage steps by —0.5 V. Using the system output
signal and its derivative as state variables, the estimator can
be avoided. The use of the real feedback voltage derivative
allows the reduction of the noise influence to the responses of
the adaptive system. Therefore, recorded experimental
transients with a much smaller change of the reference signal
Au, =10.0176 V (Av,, =+0.1 V) could be obtained. In that
way the basic Pl controller does not enter the saturation
region.

The transfer function of the real derivative block is given
by:

_V'fb(s) s
Grd(S)_vfb(s) C14+Ts (55)

where: T, — parasite time constant.
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step changes of the disturbance signal Ai,, =+8 A, with
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The value of the parasite time constant is determined by
experimenting in a few iterations. It must be large enough to
reduce the noise as much as possible, and at the same time
retain the good derivative of the feedback voltage. For the
adaptive system with the fuel cell emulator and PCM boost

converter the optimal value is T, =400z . With the sample
time of the adaptive algorithm being T, =15 , the transfer

function in the discrete domain is obtained by zero order hold
(ZOH) discretization, which is suitable for implementation in
a National Instruments CompactRIO 9024 FPGA hardware
system:
Vy(2) z-1
Gy (2) =,y =200t
v(Z) z-0.963194418
Experimental results of the system responses without
adaptation are shown in Figs. 25 and 26. The maximum error

due to the change of referent signal equals e, . =26.7%,

and the maximum feedback voltage drop due to the change of
the disturbance signal equals Av =0.117 V.

The responses of the adaptive system in the same
conditions, with coefficients d, =0.14 and d, =0.001 are

(56)

max

fb, max

shown in Figs. 27 and 28. It is evident from the responses that
maximum error due to the change of the reference signal is
reduced toe, ,,, =16.3% , and the maximum feedback voltage

drop due to the change of the disturbance signal is reduced
more than 2 times to a value of Av,, . =0.056 V. The good

properties of the adaptive system are retained, and at the
same time the noise is significantly reduced.

V. CONCLUSION

In this paper the adaptive control of the peak current mode
controlled (PCM) boost converter supplied by the PEM fuel
cell is described.

The main contributions of the paper are summarized
below:

i a reduced order adaptive algorithm with the
reference model and signal adaptation algorithm is
derived,

ii. the procedure for determining optimal error
weighting coefficients of the adaptive algorithm,
based on the combination of the pole-zero
placement and an optimization method is described.

The comparative advantage of the described adaptive
algorithm of reduced order with respect to other advanced
control methods is in simple and straightforward
determination of optimal coefficients of the adaptive
algorithm. Optimal values of error weighting coefficients can
be determined in just a few iterations, without the use of the
computer. Therefore, the procedure is very suitable for
implementation in real systems, not just the boost converter

supplied by the fuel cell.

Simulation and experimental results show that the dynamic
behavior of a highly nonlinear control system with a fuel cell
and a PCM boost converter can fairly accurately be described
in either the continuous or the discontinuous conduction
mode by the dynamic behavior of the reference model, i.e.,
linear system with constant parameters.
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