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Abstract—Starting from Fliess’s model-free control (MFC) tech-
nique developed 15 years ago, this article aims to provide a sys-
tematic framework for characterizing, benchmarking, and gener-
alizing this emerging control technique, with a particular focus
on power electronics (PE). It examines the performance of MFC
in terms of dynamic response, stability, and robustness, using the
classical control theory as a basic tool. A theoretical compari-
son is conducted with the conventional linear control techniques
on dynamic response and performance robustness. A generalized
MFC theory and means to enhance its robustness performance
are also highlighted. This article suggests that MFC, in contrast to
the conventional understanding based on model-independent error
dynamics, is practically a model-based control technique. Such
model dependence characteristics under MFC become more severe
for PE systems. However, following a new design principle, MFC
is found possible to possess extraordinarily robust performance
against model variations as compared to most existing model-based
control methods. On top of that, stability margin is found to be the
key bottleneck hindering the performance robustness of the existing
MFC techniques. A new MFC with greater stability margin and
performance robustness is proposed in this article. Comprehensive
Pareto fronts analysis, simulations, and experiments are conducted
on a buck converter system to verify the new understandings and
conclusions drawn from the framework. With the new design prin-
ciple and the new MFC, the system is able to demonstrate an almost
constant dynamic response despite 25-fold circuit parameter (R, C,
and L) variations and 1.85-fold input voltage variations.

Index Terms—Buck converter, model uncertainty, model-free
control, pareto fronts, performance robustness, power electronics
controller design automation, sensitivity.

I. INTRODUCTION

UTOMATIC control based on the principles of feedback
A was first introduced to an industrial process by James Watt
for speed control of a steam engine over two centuries ago.
Since then, controllers have become ubiquitous in almost every
industry, including power electronics (PE), chemical, automo-
bile, and steel industries, among others. Despite its long history
of evolvement, the ultimate goal of control systems has been
the same: realizing optimal system performance (typically in
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terms of stability, steady-state and dynamic performance, and
robustness) while being cost-effective and simple to design [1].

Traditionally, control methods can be classified as linear
and nonlinear [2]. At present, linear control techniques, e.g.,
the proportional-integral-derivative (PID) controller, dominate
many practical industrial (including PE) systems, mainly due to
their lower implementation cost, fewer tuning parameters, and
longer history of utilization than nonlinear controllers [3]-[5].
On the other hand, nonlinear control techniques (e.g., adaptive
control [6]), robust control (e.g., sliding mode control) [7], and
optimal control (e.g., model-predictive control) [8], etc., are
also of great importance in the control of industrial processes,
mainly because they can improve the system robustness against
work environment changes, and/or system parameter variations,
and/or constraints demanded in the manufacturing process, as
compared to linear controllers [9], [10]. However, the above-
mentioned control methods are all model-based, meaning that
their success highly relies on: i) the accuracy of the nominal or
initial guess of the mathematical model of the controlled plant,
and/or ii) the assumptions about the model uncertainties, e.g.,
a priori bounds, distributions, and/or configurations of uncer-
tainties (usually additive and multiplicative descriptions). As a
result, today’s design process of these traditional controllers in
practice still involves significant iterations of modeling, tuning,
and testing that often demand enormous time, expertise, and
resources, resulting in long and costly design cycles [11]. Such
a design process is not conducive to the low-cost, fast-paced
development cycles required for today’s technology deployment
[12]. For instance, in the fields of PE, the “speed” bottleneck
of controller design has been severe enough to lead to the
organization of two IEEE special workshops in the IEEE Energy
Conversion Congress and Exposition to address this controller
design challenge in 2018 and 2019. Particularly, in the 2019
workshop, controller design and testing were explicitly identi-
fied as the most important step to be automated in the current
PE design process [13].

A new trend of model-free control (MFC) has been gathering
momentum in the past three decades. The ultimate aim of MFC
is to reduce the number of design cycles and the cost of the
controller design process by achieving: 1) model-free design
such that the dynamics and stability performance of a system can
be precisely controlled through the design of the controller only,
requiring no knowledge of the plant model, and 2) model-free
operation such that the dynamics and stability performance of a
system is robust against plant model variations. On the one hand,
these capabilities of MFC may help increase the occurrences
of first-pass design success without the need for iterative and
manual testing, ideally allowing for a fully automated design
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Fig.1. Number of annual publications related to MFC since 1985 for electrical
and electronics. The statistical data are based on searching the IEEE Xplore,
and the data for 2022 are up to June 2022. As a result, a total of 2849 relevant
conference and journal papers were identified.

process of PE controllers. On the other hand, such capabilities
suggest the possibility to realize plug-and-play control—the
same controller can be directly used across different product
lines with drastically different circuit parameters without the
need for a completely new controller development cycle.

Fig. 1 shows the number of annual publications related to
MEFC in electrical and electronics engineering (EEE) since 1985.
As shown, the research on MFC has increased dramatically,
especially in recent years. Notably, MFC was originated outside
the field of EEE but is now widely applied to the control of
various devices and systems, such as smart grids [14], perma-
nent magnet synchronous motors [15], robotic systems [16],
vehicular systems [17], and PE [18], [19], [20], [21], [22], [23],
[24].

This article revisits an MFC technique based on the concept
of the local-affine model (or ultralocal model in the literature),
proposed by Fliess et al. [25], [26], with a specific focus on
its implications for future PE controller design automation
research. Although other MFC methods exist in the literature,
such as artificial intelligence control [27] and model-free adap-
tive control [28], etc., we focus on this particular MFC method
due to its simple structure and low computational cost, which
are of great importance to fast-dynamics and cost-sensitive
applications. Research into such a type of MFC for PE systems is
still at its early stage. MFC is implemented in dc—dc converters
for the first time in [18], in which MFC is reported to have
improved stability and disturbance rejection capability against
load and input voltage variations. In recent years, MFC has been
employed in a wider range of PE applications such as PFC [19],
HVDC [20], battery energy storage [21], and PV systems [22],
etc. It is reported that MFC can improve PF and lower the THD
while achieving faster tracking performance and smaller over-
shoot during transients, such as a startup, parameter variations,
and fault recovery, compared with traditional model-based con-
trollers. In [23] and [24], MFC is further combined with model
predictive control (MPC) to obtain fast and robust dynamics in
power converter applications. These studies show that applying
MEFC to PE applications can achieve superior performance
in terms of reference tracking bandwidth and disturbance
rejection capability. However, the design of most of these MFC
controller parameters still takes a trial and error approach,
which is time-consuming and expensive. On the other hand, the
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conventional MFC interpretation framework can approximately
hold for systems with slow dynamics but not for systems
with fast dynamics, like PE systems. The closed-loop systems
designed based on the conventional MFC framework cannot
guarantee their performance robustness for mass production.

The objectives of this article are mainly threefold:

1) to gain a systematic understanding of the characteristics
of this MFC, which is especially essential for PE systems
with fast dynamics;

2) to theoretically benchmark the performance robustness of
MEC over the existing control methods, such as linear
control methods, revealing that the desired performance
robustness can only be obtained with proper design;

3) to generalize the MFC theory for greater robustness,
and showcase the potential for achieving PE controller
design automation. Particularly, the model-dependent
phenomenon of MFC is first reported; a new tool for
predicting the stability and dynamic response of an
MFC-based closed-loop system is developed; critical
comments on the essence of MFC and a new MFC with
enhanced performance robustness are included.

II. REVIEW OF MFC

This section reviews the principle and interpretation of the
“model-free” feature of the conventional MFC based on two
assumptions. Then, the limitations of such interpretation for
analyzing the true performance of MFC systems especially with
PE systems are proposed considering practical issues.

A. Principle of MFC

The basic principle of Fliess’s MFC can be explained by
considering a single-input-single-output system characterized
within its operating range by an ordinary differential equation

G [y(0),9 (8), @ (1), u ()0 (@), u® (1)] =0
(1)
where u(f) and y(¢) are control input and output at time ¢,
respectively, a, b € R, and g,,(-) is the plant model, being a linear
or nonlinear function of u(¢), y(¢), their higher order derivatives,
and external disturbances (not shown in equation).
According to [29], the implementation of MFC involves three
steps as follows.

Step 1: Affine model transformation
Transform g,(-) into an affine form
9p () =0=y" () = au(t) + F (t) ()

where «, v € R are constants, and F(f) can be regarded as a
disturbance signal imposed on a linear model y)(£) = au(t).

Step 2: Disturbance signal estimation
From (2), F(f) can be represented as
F(t) =y (t) —au(t). 3)

Thus, F(#) can be estimated without knowing g,(-) via an
algebraic observer, which is a variation of (3)

F(t)=y" () — au(t —Ty) (4)
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where u(—T) is the system input in the last time step to avoid
an algebraic loop in practice, and F (t) is an estimate of F(z).

From (3) and (4), provided that u(7) is continuous in time and
that sampling time 7's — 0, then u(f) ~ u(t—T) so that F(¢) can
be well estimated by

F(t)~F(t). )
Step 3: Feedback linearization control

With the estimated F(¢) and the affine model (2), a controller
u(t) based on feedback linearization can be devised

_—F 0+ 1)+ ge[e 1)

(%

u(t) (6)

where y,(7) is the reference signal of y(7), e(t) = y,(f) — y(¢) the
reference tracking error, and g.(-) a causal function of e(?).
Combining (3), (5), (6) leads to an error dynamics of

e™ +g.le(t)] =0. @)

The desired steady state and dynamic performance can then
be achieved via a proper design of g.(-). Similar MFC principles
also apply to multiple-input-multiple-output (MIMO) systems
[14], [30], [31].

B. Existing MFC Interpretation

From (6) and (7), one can see that a system with MFC
appears to result in model-independent closed-loop dynamics
and stability performance. Such feature of MFC suggests the
possibilities of

1) Model-free design: The dynamics and stability perfor-
mance of a system with MFC can be precisely controlled
through the design of g.(-) only, requiring no knowledge
of g,(+).

2) Model-free operation: The dynamics and stability perfor-
mance of a system with MFC is perfectly robust against
model g,(-) variations.

These desirable properties readily differentiate MFC from
model-based control methods, including linear control and
model-predictive control, etc., the design of which typically
necessitates the knowledge of g,(-) while perfect robustness
cannot be achieved. On the other hand, MFC also differs from
most other types of model-free control methods reported in
the literature, such as the model identification adaptive control,
artificial intelligence-based control, etc., since they generally
demand: 1) a large dataset which may be unavailable, and 2)
a high-performance computing unit to be added to the system
[32]. MFC, in contrast, can be dataset and computation light. For
example, according to (4) and (6), if v =1, g.(-) is proportional
to e(?), 1.e., g.(+) = ke(), and the controller is discretized by the
backward Euler method, the associated MFC control law is

ww:uu—ny+(1 +k)dﬂ— .

ol  « ol

e(t—Ty).
®)

Clearly, the controller implementation only needs 1) the data
of y(t), y(t=T5), y.(t), y(t=Ts), and u(+~T,) and 2) four addition
and two multiplications.
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C. Limitations of Existing MFC Interpretation

MEC has found tremendous applications both in the literature
and in the field due to its possibility for model-free design and
operation. The existing MFC interpretation says that the model-
free properties hold given the premises that u(f) ~ u(t—17) holds
and that y(”(t) can be estimated accurately. There are, however,
three key challenges and issues in a practical setting:

1) T, — 0 may not be satisfied practically. Most reported
work on MFC is based on digital implementations with T’
>> (. On the other hand, even if 7; — 0 can be physically
achieved, e.g., through analog implementation, instability
might occur, as will be explained in Section IV.

2) u(t) may be discontinuous in time. Most reported work
on MFC tested abrupt model variations (e.g., a step load
change in a PE system [ 18]) and/or the control law contains
a differentiator term from the reference signal; thus, u(f)
in (6) becomes a discontinuous function of 7.

3) The term y™(¢) in (4) in most literature is calculated by
numerical differentiation, often implemented with an extra
low-pass filter (LPF) stage to filter out the noise [33], i.e.,
YV cateutated(r) = D[y (#)], where D(+) is a function due
to discretization, quantization, and/or LPF. For example,
the original estimation of F(¢) is made possible by approxi-
mating F(¢) as a piecewise constant function updated based
on algebraic identification techniques [29]. This technique
can effectively average y"")(f) within a time window, allow-
ing for greater noise rejection capability than the direct
differentiation operation. The averaging function is in
effect an LPF as proved by [34], resulting in a substantial
estimation error of F(¢), especially in the medium- and
high-frequency domain. Some reported work aims to find
a “good” estimation of F(¢), either through increasing
sampling frequency or increasing estimation accuracy by
combining with advanced observers, including extended
state observer (ESO) [35], [36], sliding mode observer
(SMO) [15], [37], etc., also with input compensators such
as fuzzy logic [37], neural network [38], etc., which can
effectively improve the system performance to some ex-
tent. However, most of them 1) are asymptotic estimation
techniques thus the closed-loop stability margin may be
reduced, and 2) add the controller’s complexity, losing
the original MFC’s advantage of simple structure and low
computational cost; 3) the estimation error between prac-
tice and theory always exists due to unavoidable measure-
ment noise and environmental disturbances. Therefore,
F(t) # F(t) = Y caleutated(®) — ou(t=T,), even if T, — 0
and u(t) is a continuous function of ¢.

Due to the reasons above, MFC might lose the model-free
properties in a practical setting. Specifically, these challenges
become more severe for systems with extremely fast dynamics,
such as PE systems. Thus, the original MFC understanding is
insufficient for analyzing the performance of such systems. The
crucial question now is how to characterize and benchmark
the true performance of MFC with arbitrary T, and F'(t) and
whether the model-free features still hold.
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Fig. 2. Control diagram of (a) conventional MFC with H(s) = 1; (b) gener-
alized MFC; (c) MFC with H(s) = 1 and L(s) = I(s); (d) single-loop feedback
control.

III. MFC REVISITED

In this section, we apply the classical control theory, i.e., using
the Laplace transform as a basic tool, to revisit MFC. We will
show that an MFC-controlled system may lose the model-free
properties in practice but may achieve robust quasi-model-free
design and operation (i.e., only the knowledge of the nominal
plant model is needed).

A. Essence of MFC

According to (2)—(6), a MFC system can be described by an
s-domain control diagram in Fig. 2(a). Here, for the ease of
presentation, v = 1, a common choice in the literature [39], is
assumed for the affine model, where G, (s), U(s), Y(s), YRr(s),
E(s), F(t), and G(s) are the Laplace transform of g,(-), u(?),
¥(0), y(1), e(?), F(t), and g.(+), respectively, and ¢~ denotes
the unit delay in (4).

Structurally speaking, Fig. 2(a) shows that the existing MFC
is essentially a special form of cascaded control (or minor loop
feedback control) [40] with only one feedback signal. This
cascaded control is different from the conventional cascaded
control (e.g., consisting of an outer PI voltage loop and an inner
PI current loop) used in many power electronics converters
where two feedback signals are needed (e.g., a voltage and
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TABLE I
CONFIGURATIONS OF SEVERAL MFC METHODS
Control Outer loop Controller Inner loop Controller
method G. L I K J H
MEFC-1 P 0 1or
i-P s |0 LPF
i-P1 ky, + ki/s s s
. or | or
i-PID ky + ki/s + kas 12| 1o | ase™
MFSMCS Sliding mode control s s 1
MEC-DPC Deadbeat control
B B 2 2
MEC-NIB Nonllnea_r integral s K
backstepping control
1 or
-sTs
MFC-2 k 0 s 1/Bs Pse LPF

a current signal). Specifically, the output of the outer-loop
controller G .(s) provides the reference signal for the inner-loop
controller, consisting of proportional controller 1/c, a feedback
network s, and a feedforward term ae™’*. By extending the
cascaded control concept, a generalized MFC control diagram
can be formulated in Fig. 2(b), where I(s), H(s), J(s), and K(s)
are the transfer functions along the four branches of the inner
control loop and L(s) is a feedforward term of the reference
signal. The corresponding s-domain affine model is

Y (s)I(s)=J(s)U(s)+H " (s)F(s). )

Different combinations of I(s), K(s), H(s), and J(s) will lead
to different affine models for MFC implementation. Table I
illustrates several examples, including some previously reported
MFC methods along with their respective outer and inner-loop
configurations, such as the intelligent proportional (i-P) [41],
intelligent-PI (i-PI) [18], [42], intelligent-PID (i-PID) controller
[16], [17], [43], [44], model-free sliding mode control system
(MFSMCS) [45], model-free-control based deadbeat predictive
control (MFC-DPC) [46], and model-free control based non-
linear integral backstepping control (MFC-NIB) [47]. Table I
shows that the existing MFC methods are almost identical in
terms of their corresponding affine models, the linear portion
of which is invariably Y (#) = ou(r). Instead of studying these
MEFEC methods individually, the following discussions will focus
on the generalized MFC based on Fig. 2(b). The objective is to
obtain a systematic understanding of MFC’s characteristics, thus
to characterize the true performance of PE systems controlled
by MFC.

B. Dynamics and Stability

To analyze the dynamics and stability characteristics of MFC
and show the model-dependent feature of MFC, the closed-loop
transfer function of the system shown in Fig. 2(b) can be
expressed as

Y(s) a

Vi (s) =Gamrc (s) =

where
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is the closed-loop transfer function of the inner loop, and

KU ) L)

=8 () K ()7 (5) (12)

T (s)=

is the inner loop gain.

In particular, when H(s) = 1 and L(s) = I(s), as many existing
MFC methods do (see Table I), one obtains 7(s) = 0, meaning
that the dual-loop control system effectively reduces to a single-
loop control system. In this case, the closed-loop dynamics can
still be characterized by (10), and (11) becomes

K (s
G'p(s) = 1}((2))(](5)017 (s) (13)
and an equivalent control block diagram is shown in Fig. 2(c).
For example, when H(s) = 1, L(s) = I(s) = s, and G .(s) = k (i-P
in Table I with H(s) = 1), MFC implemented in discrete time
domain will be identical to a discrete PI controller [48] as shown
in (8).

Equations (10)—(12) can thus provide a powerful tool for char-
acterizing the dynamic performance and stability of the system
for arbitrary T and F'(t) by, e.g., identifying the poles and zeros
of the system. It is also shown that the dynamics and stability
of a system with MFC are functions of not only G.(s) but also
the plant model G, (s) and inner-loop terms, including the filter
term H(s). In other words, MFC is essentially a model-based
controller in the sense that

1) Model-based design: The dynamic performance and the
stability of a system with MFC are not solely determined
by g.(-). Some knowledge of g, () is essential.

2) Model-based operation: A closed-loop system with MFC
is not perfectly robust, i.e., the dynamics and stability will
be affected by g, (-) variations.

The following analysis will focus on the case when MFC is
equivalent to a cascaded controller. An MFC with H(s) =
and L(s) = I(s) is effectively identical to a single-loop linear
controller, thus will be regarded as a type of single-loop linear
controller hereafter.

C. Performance Robustness

Despite being model-dependent, MFC with a cascaded con-
trol structure is found possible to be extraordinarily performance
robust against model variations as compared to most existing
control methods, which generally have a single-loop control
structure.

To illustrate this, the system sensitivity Sg, Get analysis is
performed over a single loop and a cascaded control structure,
respectively. Sg, Gel measures the ratio between the relative
change in the closed-loop transfer function G.(s) and that
in the plant model G,(s) in the sense of small signal [1]. A
lower S, Ger at the bandwidth frequency fzy means more
performance robust, and vice versa.

The S, Get of a general single-loop linear control system
[see Fig. 2(d)] is known to be [1]
SGcl.smglc _ 8Gcl.single . Gp
9 GG;D Gcl‘single
1
= 14)
14 Ge.single(s)Gp(s)
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where G singie(s) is the single-loop controller, and

Ge.single(8)Gp(s)

Cotsina® =176 e @G
is the G(s) of the single-loop control system.
On the other hand, from (10)—(12), one can obtain SGP Get of
a generalized MFC system as
S§GetmFce — 9Gemrc . Gp
“ 0G) Ge.mrc
1
1+7(s) (16)

T 14 (Ge(5)+ L(s5) Gy (s)
From (14) and (16), and provided that both control
structures have identical G.(s) at the nominal G(s), i.e

G singie(8)Gp(s) = (G (s)+L(5))G’ p(s), one obtains
Sg;l,.]MFC B 1 a7
Sgpcl.single 1 + T (S) '

Equation (17) suggests that the performance robustness of
MEC is 1+17{(s) times that of a single-loop controller for a given
identical control bandwidth, i.e., at fgy, if ||[1+7T(s)|| > 1, the
performance robustness can be improved by MFC, and vice
versa. In the extreme case of ||1+7(s)|| >> 1 at fzy, (10) and
(11) can be approximately expressed as

C o 1
GO THEG - L) a®
Ga.mre (s) = ((;3( 5+ (s )(lfl)(s) (19)

which are independent of the plant model G,(s). Performance
robustness is thus a key feature of MFC.

It should be emphasized that

1) this robust property of MFC can be uniquely attributed
to the cascaded control structure, which offers a new
dimension to tune the system robustness (or sensitivity)
via the design of 7(s), including the configurations of terms
1(s), L(s), H(s), J(s), and K(s);

2) the model-free operation suggested by (19) may not be
achievable in practice, as the system might become unsta-
ble when ||[1+7(s)|| >> 1 (see explanations in Section I'V-
A);

3) however, if we can design MFC such that || 1 +7(s)|| is suf-
ficiently large while still ensuring the system stability, the
system should tolerate significant model variations while
retaining a G(s) close to that at the nominal plant model
G, (s), achieving quasi-model-free design and operation.

IV. DERIVATION OF NEW MFC

Through the generalized framework provided in Section III,
the limitations of stability and performance robustness of con-
ventional MFC are analyzed, and new derivatives of MFC that
can achieve quasi-model-free design and operation are reported.

A. Limitations of Conventional MFC

Although potentially being more performance robust than
single-loop controllers, the conventional MFC is found to have
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an upper bound to ||1+7(s)||, which limits its capability to
achieve greater performance robustness.

To show such limitations, we substitute the inner-loop transfer
functions of the conventional i-P type MFC in Table I into (12)
and obtain
s(H (s) = 1) Gp (s)
a(l—H(s)esTs)"

Equation (20) shows that there is a high-pass filter (HPF)
term (H(s) - 1) in the inner loop gain, which tends to amplify
T;_p(s) in the high frequency ranges. This amplification in the
high frequency ranges may decrease the stability margin of
the inner loop and thus that of the overall system. Thus, the
low-frequency gain of ||1+7(s)|| needs to be sufficiently small
to ensure stable system operation. A small ||1+7(s)||, however,
suggests arelatively poorer system robustness. Thus, we propose
to substitute the inner-loop transfer functions of the conventional
i-P type MFC with L(s) = 0 (MFC-1 hereafter) in Table I into
(12) and obtain

Tip(s) = (20)

sH (s) Gy (s)
1—H(s)esTs)’
Compared with (20), (21) shows that ||[Ta;rc:(s) Tip(s)|| —

0 when w — oo, which is beneficial to improving the stability
margin of the system. With the small 7y approximation

Gp(s)

Tyrc (s) = o 210

Tl H (S) =1
Tvrct (s) = Go(s) w (22)
a(To+ 2’ H(s) =555

Here, H(s) = 1 and H(s) = w./(s+w.) refer to the cases
without filter and with a first-order LPF, respectively.

Equation (22) shows that ||[14+Tyrci(s)]| — oo can be
achieved in the case of no filter provided that 7, — 0 and/or o« —
0, which s beneficial for obtaining high performance robustness.
This conclusion aligns with the premises of demanding 7y —
0 and H(s) = 1 to realize model-free operation as mentioned in
Section II.

However, an excessively small 7 and/or o may lead to stabil-
ity concerns, as the resultant inner-loop gain || Ty rc;(s)|| will be
amplified uniformly at all frequencies, as per (22). A larger loop
gain in the higher frequency ranges is a well-known cause of
system instability [49]. Thus, T's and/or a need to be sufficiently
large to maintain a low || Ty rc;(s)|| at higher frequencies to keep
the system stable, leading to a lower ||1+ Tasrci(s)|| and thus
lower performance robustness.

Equation (22) also shows that |14+ Tpspc1(s) || — oo cannot be
achieved even if T — 0 when H(s) #1 (in the case with a first-
order filter), which is more practical. Additionally, a sufficiently
large « is required to ensure the system stability for a similar
reason above, leading to a lower |1+ Tarci(s)|)-

To improve the performance robustness of MFC-1, a new
MFC, known as MFC-2, is proposed below. The idea is to
reconfigure the inner-loop terms of Fig. 2(b) to elevate the
magnitude of ||1+7(s)|| nonuniformly, i.e., only in the lower
frequency ranges. Despite that perfect robustness (i.e., ||[1+7(s)||
— 00) may still not be obtainable, MFC-2 can sufficiently boost
|[1+T(s)|| below fry while ensuring the system stability to
achieve quasi-model-free design and operation.
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Fig. 3. Control diagram of MFC-2 with H(s) = 1.
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Fig. 4. Circuit topology of a buck converter.
B. New MFC

From (12), we replace o in MFC-1 with (s to formulate MFC-
2, and obtain new I(s), J(s), and K(s) designs as tabulated in the
last row of Table I. This leads to an inner-loop gain as
H (s) Gp (s)
B(1—H(s)esTs)’
Compared to (21), the “s” term in the numerator of T ;o2 ()
is eliminated. With a small 7; approximation, we obtain

Turcs (s) = (23)

S H)=1
Turc2 (s) = gy H(s)= = (24)
sB(T+ )’ - wets

Equation (24) shows that for an arbitrary G, (s) containing no
zeros at the origin, even with a large T’ and/or 3, ||l +Tarca2(s)||
— o0 when w — 0 and |[1+Typo2(s)|| — 0 when w — o0,
The large |[1+ T rc2(s)|| at low-frequency ranges is expected
to enhance the system performance robustness.

The control diagram of MFC-2 with H(s) = 1 is shown in
Fig. 3, and the corresponding affine model is

sY (s) = spU (s) + F (s) (25)
in the s-domain, or
dy(t) _ ,du(?)
7—5 at + F(t) (26)

in the time domain.

By following the same principle, it is possible to develop other
MEFC methods for enhanced performance robustness. However,
(12) suggests that there is no universal MFC loop term config-
uration that fits all G,(s) for enhanced robustness. Instead, the
optimal MFC configuration must be customized as per G(s),
which is usually the best estimate of the plant’s nominal model.

V. COMPARATIVE STUDIES

A buck converter, as shown in Fig. 4, is used as an example
to further evaluate the performance of MFC in PE applications
through a comparative study of the following four control meth-
ods: (a) single-loop PI control, (b) MFC-1, (c) MFC-2, and
(d) i-P.
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TABLE IT
SYSTEM PARAMETERS
Parameters Nominal (Tested) Values

Vin 24V (16.8—31.2V)

v, 12V

L 1 mH (0.2— 5 mH)

C 1 pF (0.2—5 pF)

R 15Q3-75Q)

Ty 10 ps (f; = 100 kHz)

o, 113 097 rad/s

TABLE III
CONTROLLER PARAMETERS
C | Values
m(;rtl}tlgod Parameters Model variation Model variation
space 1 space 2
PI [k, ki) [0.01, 36] [0.01, 37]
MFC-1.a [a, &] [2082580, 2000] [477020, 1080]
MEFC-1.c [o, ] [-3092585, -1040] [-3092585, -1040]
MFC-2 [B, ] [250, 703] [67, 768]
i-P [o, 4] [2353900,1920] /

The state-space averaged plant model of a buck converter is
Vo(s) o ‘/in_n
U(s)  LpCns?+ Los+1

Gp(s) = 27
where Vi, ., L, Cp, and R,, are the nominal input voltage,
inductance, capacitance, and load resistance, and V, (s) and
U(s) the Laplace transform of the output voltage v,(¢) and the
duty cycle u(?) of the active switch S, respectively. Both cases
with and without an LPF are studied. To be consistent with the
experiments for performance validation, the following studies
will be conducted in the z-domain as the experiments will be
based on microcontroller implementations. Unless otherwise
indicated, the nominal circuit parameters in Table II and the con-
troller parameters based on model variation space 1 in Table III
are used. All the controller parameters are calculated based on
Pareto front analysis in Section V-D.

A. Model Dependencies

To verify that both stability and dynamics of MFC are model-
dependent whether H(s) is a low-pass filter or not, several root
locus analysis and simulation results based on MFC-1 as an
example are reported below.

Figs. 5 and 6 illustrate the root loci of the buck converter
system controlled by MFC-1 with an LPF (noted as MFC-1.a)
as a function of (a) R and (b) «, respectively. In both cases,
the location of the dominant pole (D-pole) varies with R and
a, leading to variation in system dynamics. Additionally, as «
decreases and/or R increases, several higher frequency poles
tend to be outside of the unit circle, leading to system instability.
These observations confirm that MFC cannot achieve model-free
design and operation if an LPF is applied even with a small
Ts = 10 ps. Instead, the dynamics and stability rely on the plant
parameters and inner-loop gain 7(s), simultaneously.

The results also confirm that the inner loop gain 7(s), which is
inversely proportional to «, should remain sufficiently low. For
instance, in Fig. 6, the poles with a (low 7(s) case) will lead to
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Fig. 7.  Root locus of ideal MFC-1.b system as T's decreases.

a stable operation while the poles with a/8 (high 7(s) case) will
lead to unstable operation.

Fig. 7 shows the root locus of buck converter controlled by
MFC-1 in the no filter case with H(s) = 1 (noted as MFC-1.b) as
a function of 7. The controller parameters are [, k] = [499650,
2000]. As T, decreases, there are poles that tend to be outside
of the unit circle, leading to system instability. For instance, in
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Fig. 8.  Simulation results of output voltage step response controlled by MFC-
1.b with T variation.
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Fig. 9. Bode plots of open-loop transfer function under MFC-1.a and i-P.

Fig. 7, the poles with s = 10 us (low T(s) case) will lead to
a stable operation while the poles with T,/10 (high T(s) case)
will lead to unstable operation. This means that the system
cannot achieve 7s — 0 in theory. The model-free operation and
design as illustrated by (7) cannot be achieved in the case of no
filters. Therefore, MFC-1 and MFC-2 in the following study are
designed with a first-order LPF for H(s).

To further illustrate the effects of T on system stability, the
corresponding simulation of buck converter controlled by MFC-
1.b is conducted by PSIM simulation software. Fig. 8 shows the
step responses of v, when its reference v,* changes from 0 V to
12 V with different 7. These waveforms confirm that a small
T, (i.e., Ts/10) can cause system instability while a large 7's can
enhance the system stability.

B. Stability Margin Comparison of MFC-1 and i-P With LPF

To show the impact of feedforward path L(s) on the system, the
stability margins of the open-loop transfer functions of MFC-1
and i-P are compared in Fig. 9. Both controllers are shown in
model variation space 1 in Table III, which are designed via
the Pareto front in Section V-D. It is shown that although i-P

—Sg]‘f (MFC1l.a) ooer Gq (MFCl.a) = — 1+ T (MFCl.a)
ISF | =55 (MFCLc) worGa (MFCLe) = = 14T (MFCL)
— ng PL) Ga (PI)
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Magnitude (dB)
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Fig. 10. Bode plots of system inner-loop gain, sensitivity, and closed-loop
transfer function with PI, MFC-1.a, and MFC-1.c control.

obtains a bit higher bandwidth, it has less gain margin than MFC-
1, which may have an adverse impact on stability considering
model variation.

C. Comparisons of System Sensitivities

To make a theoretical comparison in terms of performance
robustness of MFC-1, MFC-2, and PI, system sensitivities are
compared:

1) Single-loop controller and MFC: Two MFC-1 controllers
(MFC-1.a and MFC-1.c, both with LPF) and one PI con-
troller are further evaluated. All controllers are designed
with almost identical G.(s) below fpw (see dotted lines
in Fig. 10). Additionally, MFC-1.a is designed with ||1
+ T(s)|| = 4.1 dB > 1 at fgw, and MFC-1.c with ||1 +
T(s)|| = — 4.6 dB < 1 at fzyy. Fig. 10 shows that MFC-1.a
can lower Sg:l (s) by 4.1 dB (i.e., 1.6-fold) compared
to that of the PI controller at /5y, while MFC-1.c does
the opposite. These observations are a good match to
(17), highlighting the capabilities of MFC methods in
improving performance robustness and the importance of
having a ||1 + T(s)|| > 1 design.

2) MFC-1 and MFC-2: A MFC-2 controller is further de-
signed with almost identical G(s) below fgyy to that of
PI and MFC-1.a above. From Fig. 11, the following can
be observed: (i) ||1+7(s)|| of MFC-2 exhibits a—20 dB/dec
slope while that of MFC-1.a is almost constant across a
broad frequency band, and (ii) MFC-2 can achieve a much
greater ||14+7(s)|| at and below fpw than MFC-1.a. These
are expected results from Section IV. At fpyw, MFC-2
shows a Sg;’ (s) of 14.6 dB lower than that of MFC-1.a,
meaning that the performance robustness of MFC-2 is 5.4
times that of MFC-1.a and 8.6 times that of PI controller.

D. Pareto Fronts Comparison

To enable a more comprehensive and systematic comparison
of performance robustness, a Pareto front analysis is performed
over PI, MFC-1, MFC-2, and i-P, to achieve optimal robust
performance. There is some knowledge of g,(-) needed in the
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Fig. 12.  Flowchart of Pareto front design for PI, MFC1, and MFC2.

design stage: i) the best estimate of the plant’s nominal model
and ii) assumptions about the model uncertainties. A design
procedure similar to that in [50] is adopted. Fig. 12 depicts the
design flowchart for optimal performance robustness, with the
detailed design procedure.

Step 1: Construct model variation spaces

Two model variation spaces are evaluated in this article.

i) Model variation space 1: [R, C, L, V;,] = [Ry, Cp, Ly,
Vin_n)® (diag [i, 1, 1, 1] U diag [1, i, 1, 1] U diag [1, 1,
i, 1]), where 20% < i < 500%, corresponding to +5-fold
variations of circuit parameters R, C, and L. (The controller
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parameters of i-P is only explored for model variation
space 1 to show the stability considering R variation.)

ii) Model variation space 2: [R, C, L, V;,] = [Ry,, Cy, Ly,
Vin_n] diag [1, 1, 1, i], where 70% < i < 130%, corre-
sponding to &= 30% variations of the operating point, V;,.

Step 2: Formulate controller design spaces

i) Design space for PI: 1074 < kp < 1071, 10 < k; < 10°.
ii) Design space for MFC-1 (i-P): 10> < k < 10°, 10* < «
<107
iii) Design space for MFC-2: 10 < k < 10°, 10 < 8 < 10°.

Step 3: Setup performance spaces

The performance space is selected as [fset_n» €rmaz], Where
tset_n 18 the settling time (a measurement of the system dynamic
performance under nominal conditions) of a closed-loop system
with nominal model parameters, i.e., [R,, Cp, Ly, Vin_n], in the
presence of a step-change in the voltage reference signal, and
€, maz 1S the maximum relative ¢4, error as a result of model
variation, which is defined as €, ,q; = Max |tses — tset nll tset n
and used to measure performance robustness.

Step 4: Explore the design space and output Pareto fronts.

The controller design space is thoroughly explored, and each
controller candidate is evaluated within the model variation
space regarding e, #.;, and stability based on our new modeling
tool (10). For each 7. ,, the optimal control parameters that
can achieve minimum e, 4, over the model variation space
are then determined. The associated #5¢¢_y, and €, 4, are finally
recorded, formulating the Pareto fronts.

Fig. 13 shows the Pareto fronts of the four controllers within
model variation space 1. The following four key observations
can be made:

1) Both MFC-1 and MFC-2 can achieve a lower e,+,, 4, than
the PI controller when #5.; », > 4 ms. This confirms that
the MFC controllers can be design more performance
robust than the PI controller. Here, the controller param-
eters at points A1-A3 of Fig. 13 correspond to the PI,
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MEFC-1.a, and MFC-2 discussed in Sections V-A and V-C
above.

2) MFC-2 can achieve a lower e,.,,, than MFC-1 when
tset n > 4 ms. This is also an expected result from the
sensitivity comparisons in Fig. 11. Specifically, Fig. 13
predicts that MFC-2 can consistently achieve e, 4 <
2%, despite more than an order of magnitude (25-fold)
of circuit parameter variations. The negligible e, -, 4, SUZ-
gests that quasi-model-free design and operation based
only on the nominal plant model instead of the true plant
model is possible.

3) e,'mag Of all three controllers sharply increases as #s¢;_,, <
4 ms. This phenomenon is mainly attributed to a decreased
stability margin at higher fpy. To remain stable, MFC
needs to be designed with a lower ||7(s)||, resulting in a
reduced ||1+7(s)||, which lowers the performance robust-
ness.

4) MFC can achieve a faster reference tracking speed given
the same e, 4, constraint. For instance, if a design spec-
ification demands e, 4 < 10% with respect to model
variation space 1, then MFC-2 can achieve 75, , = 2 ms,
MEFC-1 5ms, and PI 8ms.

5) i-P and MFC-1 can achieve a similar e, 4, at all 5¢; p,
which indicates eliminating the feedforward path in the
generalized MFC does not deteriorate its performance
robustness.

The above results indicate that MFC can yield all-around
improvements regarding both operating bandwidth and perfor-
mance robustness.

Fig. 14 further shows the Pareto fronts of PI, MFC-1, and
MFC-2 within model variation space 2. Again, PI is shown to
be the most performance sensitive while MFC-2 is the most
robust. Simultaneous improvements in the operating bandwidth
and robustness with MFC are evident. The controller parameters
at points A1-A3 in Fig. 13 (for model variation space 1) and
B1-B3 in Fig. 14 (for model variation space 2) are recorded in
Table III and will be used in Section VI in experiments.
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VI. EXPERIMENTAL RESULTS

Seven buck converter prototypes with different circuit
parameters are built to evaluate the findings above (see
Fig. 15). All controllers are designed as per Section V to
give a tser , = 5 ms and implemented by TMS320F28335
from Texas Instruments with a natural sampling frequency
(sampling and processing the data once per switching cycle)
of 100 kHz. The circuit and controller parameters used are
identical to those in Section V. Controllers are discretized using
the backward Euler method. Unless otherwise indicated, the
nominal circuit and controller parameters based on MFC-1 are
used.

The plotted data of Figs. 16-22 are first captured by Keysight
MSOX3024A oscilloscope from the experiment in .cvs format
and then plotted with the aid of MATLAB. In this way, the
step responses of the closed-loop system in different scenarios
can be plotted in one figure to facilitate the comparisons of the
performance robustness.

A. Evaluation of the New Modeling Tools

Fig. 16 illustrates the step response of v, when its reference
v,* changes from 6 to 12 V. The v, response measures a
tset = 5.08 ms, which aligns with the design and well matches

that predicted by (10). In contrast, the existing interpretation
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Steady-state voltage waveforms after a reference step with 1/8 of «
of MFC-1.a for model variation space 1 in Table III.
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based on (7) predicts t5.; = 4/k = 2 ms according to the first-order
dynamic response formula, showing a 60% prediction error.

In Fig. 17, the same experiment is repeated, except that the
inner loop term « is reduced to a/8. Instability is observed, as
precisely predicted by Fig. 6. The existing interpretations of
MFC, however, predict that the system is invariably stable.

The above two experiments confirm the capabilities of the
new modeling tools in the prediction of system dynamics and
stability with MFC. The results also show that a MFC system
does not yield a dynamic response and stability which is solely
governed by the outer-loop controller k. The inner loop terms
are also attributed.
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TABLE IV
DYNAMIC RESPONSE RESULTS WITHIN MODEL VARIATION SPACE 1

Control MFC-1.a MFC-1.c PI MFC-2

Lser e tser e tser er Lyer er
(ms) (%) (ms) (%) (ms) (%) @ms) (%)

Nom 5.08 / 5.42 / 5.19 / 4.85 /
0.2R, 5.37 5.7 6.25 15.3 5.66 9.1 4.74 23
SR, 5.11 0.6 533 1.7 5.20 0.2 4.75 2.1
0.2C, 5.18 2.0 5.36 1.1 5.26 1.3 4.83 0.4
5C, 5.13 1.0 5.26 3.0 5.27 1.5 4.83 0.4
0.2L, 5.18 2.0 5.27 2.8 5.10 1.7 4.96 23
5L, 4.61 9.3 354 347 447 139 480 1.0

TABLE V

DYNAMIC RESPONSE RESULTS WITHIN MODEL VARIATION SPACE 2

Control MFC-1.a MFC-1.c PI MFC-2
Lser e Lyer (3 tyer (3 tyer e
(ms) (%) (ms) (%) (ms) (%) @ms) (%)
Nom 4.88 / 542 / 5.15 / 4.90 /
0.7Viyn 5.53 133 9.57 76.6 7.11 38.1 4.85 1.0
13Viun  4.67 4.3 300 446 406 212 496 1.2

B. Evaluation of Model Dependencies of MFC

To demonstrate the model dependence nature of MFC, we
vary the circuit parameters (R, C, L) and operating point (V;,,)
with respect to their nominal values, each at a time, by fivefold
and 30%, respectively, and repeat the same step response test.

Fig. 18 captures the measured v, waveforms. From these
measurements, excursions of f5.; from t5.; , = 5 ms can be
visualized. Tables IV and V record the measured ¢,.; and e, for
each case. These results show an e, = 9.3% regarding R,
C, L variations, and 13.3% regarding V,, variations, confirming
the model-dependent nature of a MFC system. The results also
align with those shown in Figs. 13 and 14 at A2 and B2, further
confirming the accuracies of the new modeling tools.
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C. Evaluation of Stability of Conventional MFC

To verify that if I(s) = L(s) = s, the i-P type MFC tends to be
unstable whereas L(s) = 0 can improve its stability, simulation
results of output voltage step responses with R variation based
on MFC-1 and i-P with LPF are compared.

Fig. 19 shows output voltage step responses of the conven-
tional i-P controller against variation in R. These results show
that the output voltage of i-P control presents high oscillation
when R = 5R,,, tending to be unstable. Compared with that of
MEC-1 (L(s) = 0) shown in Fig. 18(b), the results demonstrate
that MFC-1 without feedforward can gain better stability con-
sidering model variation.

D. MFC-1 Versus Single-Loop Controller

The same experiments as those in Section VI-B are further
repeated, but with the optimized PI and a nonoptimized MFC-1
controller (i.e., MFC-1.c in Section V-C), respectively. Fig. 20
captures the associated v, waveforms with PI controller, and
Tables IV and V show the detailed ¢,.; and e,. As shown,
€r'maz = 13.9% regarding R, C, L variations, and 38.1% re-
garding V,, variations. Compared to the results with MFC-1.a,
the PI controller shows a greater e, in all tested cases, and thus
less performance robustness against model variations.

Fig. 21 shows v, waveforms with the nonoptimized MFC-1
controller. The corresponding data are also recorded in Tables IV
and V. As shown, €, 4. = 36.7% regarding R, C, L variations,
and 76.7% regarding V,, variations. Compared with the PI
controller, it has greater e, in all tested cases, confirming that
MFC with ||1+7]| < 1 can lead to worse performance robustness
than a single-loop controller.

E. Evaluation of MFC-2

Finally, the step-change experiments in Section VI-B are
repeated with MFC-2. Fig. 22 illustrates v, waveforms. Tables
IV and V record the measured results. In particular, MFC-2
shows an e,q = 2.3% regarding R, C, L variations, and
1.2% regarding V;,, variations, which are almost negligible. The
results match our prediction in Figs. 13 and 14, and support the
opportunities of quasi-model-free operation and design.

Compared to PI and MFC-1.a controller, MFC-2 controller
effectively reduces e, 4 by 83.5% and 75.3%, respectively,
regarding R, C, L variations, and 96.8% and 91.0%, respectively,
regarding V;, variations. These results well demonstrate the
supremacy of performance robustness of the MFC-2 method.

It is also measured that the execution time of PI, MFC-1,
and MFC-2 are 1.55 us, 1.65 us, and 1.94 us, respectively. It
shows that the execution time of both MFC-1 and MFC-2 is
comparable to that of PI. This observation is consistent with
our analysis shown in Section II-B, which MFC is dataset and
computational light.

To further evaluate the performance robustness with respect
to varying references, we perform similar tests as above for
PI, MFC-1, and MFC-2 controllers in the case of a varying
reference (same as that in [51], particularly, with an initial
reference voltage at 12 V and ending at 11 V). These tests
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TABLE VI
ITAE COMPARISON WITHIN MODEL VARIATION SPACE 2

Control MFC-1.a PI MFC-2

ITAE with Vi, , (V-s) 1.9765 1.7163 2.1259

ITAE with 0.7V;, ,(V-s) 2.4728 2.4139 2.1278

ITAE with 1.3V}, ,(V:s) 1.6952 1.3178 2.1243
Max relative ITAE error (%) 39.34 76.78 0.16

are conducted in PSIM simulation due to hardware limitation.
All controllers under test have identical parameters to the ex-
periments, as shown in model variation space 2 in Table III.
The output voltage data are collected and integral time absolute
errors (ITAE) regarding the output voltage tracking error of three
controllers are compared in Table VI. The maximum relative
errors with respect to ITAE under nominal input V;,, ,, are used
as a benchmark for comparing the performance robustness of
the different controllers. The results also show that MFC-1
can achieve better performance robustness than PI, and MFC-2
has the most robust performance, which is consistent with the
conclusions drawn above.

VII. CONCLUSION

This article critically examines Fliess’s MFC technique, using
the classical control theory as a basic tool. The basic principle
of MFC is highlighted. It is shown that MFC is essentially
a special form of cascaded control with one feedback signal,
and thus MFC in principle is model-dependent instead of being
model-free. However, it is also found that MFC can be designed
more performance robust than single-loop linear controllers if
the magnitude of MFC’s inner loop gain is designed much
greater than unity below the bandwidth frequency. On top of
that, it is also shown that stability margin imposes a major
hindrance to elevating the inner loop gain and thus the perfor-
mance robustness. To solve this issue, a new MFC, MFC-2,
is proposed with the aid of the generalized MFC framework.
Case studies and associated experiments on a buck converter
example, of which the switching cycle averaged plant model
is a single-input-single-output linear system, are conducted to
verify the new understanding and conclusions drawn above.

For future work, we aim to apply the revisited theory of MFC
to more complicated application scenarios, including MIMO
systems (e.g., electrical machine drive systems) and nonlinear
systems (e.g., dynamic wireless charging systems), and extend
our linear analyzing framework to nonlinear MFC such as
model-free predictive control, and compare the method with
prevalent control methods. Besides, based on some recent stud-
ies, such as variable-a method [6], marine predators algorithm
[47], and extremum-seeking control [48], the design of MFC can
be further studied to help achieve model-free design. Further-
more, the stability margin of MFC will be further investigated.
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