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Abstract—A new “model-free” control methodology is applied for
the first time to power converters, and in particular to a buck
converter, and to a Cuk converter. We evaluate its performances
regarding load and supply variations. Our approach, which
utilizes “intelligent” PI controllers, does not require any converter
identification while ensuring the stability and the robustness of
the control synthesis. Simulation and experimental results show
that, with a simple control structure, insensitivity to power supply
fluctuations and to large load variations is ensured.

Index Terms—dc/dc converters, buck converters, Cuk converters,
model-free control, intelligent PI controllers, numerical differen-
tiation.

I. INTRODUCTION

The digital control of dc/dc converters has been deeply studied
in recent years in order to improve dynamic performances and
preserving converter robustness including disturbance rejection
properties. Classical control methods, such that PID [1], are
very efficient when

o the converter model is well-known,
« the working-point of the load is well defined.

If the dynamics of the whole converter is more complex,
varying and/or uncertain, advanced control laws have to be
introduced:

e In [2] a comparison is carried on for generalized PI
(GPI) controllers, sliding mode methods, and various
backstepping and linearization techniques. According to
[3], even if stability is guaranteed, those control designs
are perhaps a little bit too involved for practitioners.

o More recently, adaptive control law has been developed
in [4], [5], [6], a fractional order control strategy in [7], a
fuzzy control in [8], [9], and genetic algorithms in [10].

o Robust control theory is used for power converters with
wide changes in operating conditions in [11], [12], [13].
Although robust control can ensure robustness to load
and parameter model variations, it is difficult to design it
without a solid mathematical background and advanced
design tools [14]. In most cases, moreover, the load with
its uncertainties must be characterized to ensure stability

and optimal dynamic performance, and this condition is
almost always impossible to satisfy.

We evaluate here the performances of a new “model-free” con-
trol design ([15], [16]) applied to nonlinear dc/dc converters
with unknown loads. Model-free control and its corresponding
“intelligent” PID controllers yield a controller that is continu-
ously updated according to the dynamic changes of the whole
converter (including its load). The whole converter is modeled
as a lumped reduced order model, defined only for a small time
duration and no identification procedure is needed.

The paper is structured as follows. Section II presents an
overview of the model-free control methodology including its
advantages in comparison with more classical methodologies.
Section III discusses the application of the model-free control
to the simulated buck converter. Section IV contains some
experimental results and is devoted to the Cuk converter. Some
concluding remarks may be found in Section V.

II. MODEL-FREE CONTROL: A BRIEF OVERVIEW

A. General principles

1) The ultra-local model: We only assume that the plant
behavior is well approximated in its operational range by
a system of ordinary differential equations, which might be
highly nonlinear and time-varying.! The system, which is
SISO, may be therefore described by the input-output equation

E(t7y7y.’""y(b)7u7u""7u(ﬁ)):0 (1)
where

e u and y are the input and output variables,
¢ F, which might be unknown, is assumed to be a suffi-
ciently smooth function of its arguments.

Assume that for some integer n, 0 < n < ¢, % # 0. From
the implicit function theorem we may write locally

y(") =&y, Y., y("fl),y(”J“l), . ,y(b),u, Uy ..., u(”))

ISee [15], [16] for further details.



By setting & = F' + fu we obtain the ultra-local model
y™ = F + Bu 0

where

e B € R is a non-physical constant parameter, such that F’
and [u are of the same magnitude;

o the numerical value of F', which contains the whole
“structural information”, is determined thanks to the
knowledge of u, (3, and of the estimate of the derivative
y(n).

In all the numerous known examples it was possible to set
n=1or 2.

2) Numerical value of B: Let us emphasize that one only
needs to give an approximate numerical value to 5. It would
be meaningless to refer to a precise value of this parameter.

B. Intelligent PI controllers

1) Generalities: If n = 1, we close the loop via the intelligent
PI controller, or i-PI controller,

u:—%+%+KP€+KI/€ )

where

o y* is the output reference trajectory, which is determined
via the rules of flatness-based control ([17], [18]);

e e =y" —y is the tracking error;

o Kp, K are the usual tuning gains.
The i-PI controller (3) is compensating the poorly known term
F'. Controlling the system therefore boils down to the control
of a precise and elementary pure integrator. The tuning of the
gains Kp and K; becomes therefore quite straightforward.

2) Classic controllers: See [19] for a comparison with classic
PI controllers.

3) Applications: See [20], [21], [22], [23], [24], [25], [26] for
already existing applications in various domains.

C. Numerical differentiation of noisy signals

Numerical differentiation, which is a classic field of inves-
tigation in engineering and in applied mathematics, is a
key ingredient for implementing the feedback loop (3). Our
solution has already played an important role in model-based
nonlinear control and in signal processing (see [27] for further
details and related references).

The estimate of the 1%¢ order derivative of a noisy signal y
reads (see, e.g., [28])

3!

i=-=

T
/ (T — 26)y (1) dt
0

where [0,T] is a quite “short” time window.? This window is
sliding in order to get this estimate at each time instant.

2It implies in other words that we obtain real-time techniques.

Denoising of y leads to the estimate

2 (T
The above results are the basis of our estimation techniques.
Important theoretical developments, which are of utmost im-

portance for the computer implementation, may be found in
[29].

= (2T — 3t)y(t)dt

D. An first academic example: a stable monovariable linear
system

Introduce as in [15], [16] the stable transfer function

(s+2)2

(s+1)3 X

1) A classic PID controller: We apply the well known method
due to Broida (see, e.g., [30]) by approximating System (4)
via the following delay system

Ke™™¢

(Ts+1)

K =4,T =2.018, 7 = 0.2424 are obtained thanks to graphi-
cal techniques. The gain of the PID controller are then deduced
[30]: Kp = 100ATET) _ 18181, Ky = = 0.7754,

1
0357 1.33KT
Kp = 35T — (.1766.

2) i-PI.: We are employing y = F'+ u and the i-PI controller
u=—[Fle + 9" +Pl(e)

where
° [F]e = [y]e —Uu,
o y* is a reference trajectory,
ce=y -y,
o PI(e) is an usual PI controller.

3) Numerical simulations: Figure 1(a) shows that the i-PI
controller behaves only slightly better than the classic PID
controller (Fig. 1(b)). When taking into account on the other
hand the ageing process and some fault accommodation there
is a dramatic change of situation: Figure 1(c) indicates a clear
cut superiority of our i-PI controller if the ageing process
corresponds to a shift of the pole from 1 to 1.5, and if the
previous graphical identification is not repeated (Fig. 1(d)).

4) Some consequences:

o It might be useless to introduce delay systems of the type
T(s)e ', T eR(s), L>0

for tuning classic PID controllers, as often done today in
spite of the quite involved identification procedure.
« This example demonstrates also that the usual mathemati-
cal criteria for robust control become to a large irrelevant.
o As also shown by this example some fault accommoda-
tion may also be achieved without having recourse to a
general theory of diagnosis.
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Figure 1.

ITI. DIGITAL MODEL-FREE CONTROL OF A DC/DC POWER
CONVERTER

A. Local converter model

In the general case, a converter can be described by Equation
(1) where w is the converter input and y is the controlled
converter output. The proposed control strategy replaces the
mathematical model of the converter F, including its load, by
a “phenomenological” model, valid only over a short period
of time. For the k" iteration, the local model F is defined
such that:

dy

T = Fi_1+ Bug—1

k—1

®)

where [ is a non-physical constant design parameter. F is
estimated online from the knowledge of u, 5 and the estimate
of y. Equation (5) yields an “intelligent” digital PI controller,
which is of the form

dy*

1
up = —4 (Fkl - —

3 T (6)

> + Cly™ =)l
k

where

Time (s)

(d) PID control

Stable linear monovariable system (Output (—); reference (- -); denoised output (. .)).

o (' is a corrector, typically a PI controller,
e y* is the desired output.
B. Buck converter

1) Principle: Consider the dc/dc buck converter (Fig. 2)
where u is the duty-cycle and £ =20V L =1 mH, C =10
uF.
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Figure 2. Classical buck converter.

Our intelligent controller reads

_ 1[ax
wn = ko1 = 5 | g

dx=

_ e X —Xx
1 + C( )

k—1 k
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Figure 3.

where C' is a constant such that C(s)
(X, X*) are either (V,V*) or (P, P*).

= K,, K, = 2 and

2) Simulation example: Figure 3 presents the response of the
averaged modeled buck when both resistor load and power
supply are varying. Consider the resistor load R such that:

&

and the varying power supply E such that:

1090
10 kQ

if 0<t<3ms
if t>3ms

E = E + sin(10007t)

Figure 3 presents the response of the buck output using PI and
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Controlled buck converter.

i-PID control in two cases:

e voltage control V : tracking of voltage reference input
V* (Fig 3(a) and Fig. 3(b)).
e power control P = 1 @ tracking of power reference
input P* (Fig 3(c) and Fig. 3(d)).
Figures 3(e) and 3(f) present the response of the generalized
averaged buck converter [31] [32] in the same conditions as
Fig. 3(a) and 3(b). The output voltage ripple is increasing
according to the output reference voltage. In each case, the
model-free control provides stable and precise tracking of the
input reference, even with load and supply variations. Notice
that our i-PI controller does not need to be tuned properly in
order to ensure output stability and robustness.



IV. EXPERIMENTAL VALIDATION
A. Model-free control of the Cuk converter

To validate experimentally the proposed approach, a Cuk
converter (Fig. 4) was build. The parameters of the circuit
are given in Table I. To control the converter, an FPGA
development board has been used.

L1

(0-0-0-\ L1
T O K

Figure 4. Cuk converter.
The state-space averaged model of this circuit reads

di

leitl =F - (1 7U)’UCl
dig
— = uve — Vs

2 qt
Cy dver

= (1 —u)im —Uiro

Co——= =1ip2 — iy

where v is the PWM duty cycle. This model is nonlinear [33],
and in particular, the averaged output voltage (vs) is related
to the averaged control variable (u) as follows

(v) = ﬂE

= )

Figure 5 illustrates the static response of the Cuk converter
with respect to u.

S

Figure 5. Response of the Cuk to a ramp.

In this case, the control variable u, represented as the yellow
curve, is varying as a ramp with positive and then negative
slopes. The blue curve is associated to the measured Cuk
output v,. The red curve represents the PWM control signal,

Table 1
PARAMETER OF THE CUK CONVERTER.

Component H Value
L1 5 mH
L2 5 mH
Cl 10 uF
c2 10 pF
R 0-150 Q

which is associated to u. The control variable u is saturated in
order to limit the output voltage of the Cuk converter to 20 V.
Figure 8 presents the simulation of the Cuk converter, using
an averaged model, under variable input voltage reference.

B. Presentation of the set-up

A digital implementation of the control is realized using a
FPGA (Xilinx® / Virtex™-II Pro). The FPGA is running
at the 100 MHz main clock frequency. Figure 6 describes
the synopsis of the power converter control loop and Fig. 7
presents the implementation of the model-free control inside
the FPGA.

6 bits
A DAC to scope
aux.
. output
l%flt:lI?sUt output voltage
) measurment (vy)
FPGA 1bit | Power —
// converter
ZKVM I to scope
8 bits
7 ADC

Figure 6. Scheme of the converter control loop.

- dve/dt

%

power circult
ref_ input c Pl corrector ~NU o PwM _q} output voltage
generator (digital filter) + [ | measurment (v.
Ve i (vs)
FPGA

Figure 7. Control structure within the FPGA.

All the digital vectors are 30 bit-unsigned vectors. The refer-
ence input v} control is programmed inside the FPGA over 6
bits. A free-running analog-digital converter samples the Cuk
output voltage at 1 MHz into a 8-bit digital signal. A 10kHz
saw-tooth carrier function is programmed into the FPGA for
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PWM generation, and 1 FPGA output bit is used for the PWM
output. An auxiliary 6-bit FPGA output allows to monitor
internal FPGA variables using a 6-bit R — 2R digital-analog
converter. This auxiliary output allows, for example, to moni-
tor the reference input control. Calculations are performed at
the FPGA main clock frequency. This allows to update the
PWM output at 10 kHz. Figure 9 presents a picture of the
experimental set-up.

C. Experimental results

Measured Cuk output voltage is presented Fig. 10 in com-
parison with the output voltage reference v,. A triangular
signal (yellow curve) has been used in order to demonstrate
the tracking of the output voltage v, (blue curve). Figure 10
presents the tracking of the Cuk output voltage under different
working point: Fig. 10(a) presents the response for R = 45 (),
Fig. 10(b) presents the response for R = 150 €2 and Fig. 10(c)
presents the response for R = 5(). Figure 10(d) presents
the tracking of the Cuk output voltage under power supply
disturbances.

V. CONCLUSION AND FUTURE WORK

The simulations on the buck power converters show that the
model-free control methodology yields robust performances
with respect to disturbance rejection. This methodology more-
over does not need any well-defined mathematical model,

—output voltage V
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I I
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Simulation results for the Cuk converter with i-P control.

Figure 9. Picture of the set-up including the FPGA device in the foreground
and the Cuk converter in the background.
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Figure 10. Experimental Cuk output voltage to a triangular input for different resistive loads.

that would require some complex identification procedure.
A single parameter only, 3, needs to be tuned properly in
order to ensure a large variety of working points. The Cuk
converter presents more complex dynamics and positive results
were achieved with a rough implementation of the model-
free controller. Preliminary experimental results are also very
encouraging.

Future works will deal with the application of model-free
control to other systems in power electronics, such that multi-
level inverters, in order to obtain a “universal” control law,
which will be able to control time varying loads (see [25] for
hydroelectric power plants), or electrical networks and micro-

grids. The auto-tuning of the /3 parameter (see Section II-A2)
will also be studied in order to extend model-free control to
hybrid (see, e.g., [34]) and more complex systems.
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