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A Novel Model Reference Adaptive Control
Approach for Three-Phase Inverter Applications

Muhammad Ahmed Qureshi, Graduate Student Member, IEEE, Francesco Torelli, Fausto Stella, Member, IEEE,
Salvatore Musumeci, Member, IEEE, Andrea Mazza, Senior Member, IEEE, and Gianfranco Chicco, Fellow, IEEE

Abstract—This paper presents an innovative control strategy
for three-phase inverters. The proposed model reference adaptive
control utilizes the Torelli Control Box (TCB) methodology,
previously applied successfully to DC-DC converters, to regulate
a three-phase inverter without load current sensors. This direct
control approach overcomes the limitations of using traditional
dual-loop control methodologies based on linear control systems
and offers a robust solution against non-linearities and system
disturbances. This paper formulates the overall framework for
using the TCB method to control three-phase inverters. The
performance of the TCB method is compared with linear and
non-linear control strategies proposed in the literature, demon-
strating the relative advantages in managing three-phase inverter
complexities. The results have been verified in the laboratory on
an experimental three-phase inverter installation that supplies
a resistive load, with the proposed controller implemented in a
microcontroller.

Index Terms—Lyapunov theory; power converter; regulation;
sensitivity theory; Torelli Control Box; three-phase inverter.

I. INTRODUCTION

HREE-phase inverters are essential components in con-

temporary electrical systems, serving as the bridge be-
tween direct current (DC) and alternating current (AC). The
applications of three-phase inverters are diverse and far-
reaching. In manufacturing and processing plants, these in-
verters are crucial for driving AC motors, enabling precise
control over speed and torque in applications like conveyors,
pumps, fans, and compressors. Moreover, three-phase inverters
are vital components in Uninterruptible Power Supply (UPS)
systems, providing reliable AC power during grid failures to
critical equipment in medical facilities, data centers, and com-
munication systems [1]. Similarly, commercial and residential
buildings increasingly rely on three-phase inverters to control
compressors and fans, optimizing comfort levels and energy
efficiency [2]. In the mobility sector, these inverters play a
crucial role in electric trains and trams, and convert DC voltage
from batteries to AC for electric motor operation in EVs and
hybrid vehicles. One of the most significant contributions of
three-phase inverters refers to interfacing renewable energy
systems with the grid, for solar photovoltaic (PV) systems and
wind energy systems.
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In the literature, various control strategies for Pulse Width
Modulation (PWM) converters have been introduced aiming to
achieve high power factor and low total harmonic distortion
(THD) in the input line currents. Some linear control strategies
proposed include:

o Phase and Amplitude Control (PAC) [3], [4], effective
in reducing steady-state current harmonics and output
voltage ripple but introduces a DC current component on
the AC side, negatively impacting the DC load current
and voltage during transients.

« Hysteresis Current Control (HCC) [5], [6], which offers
fast dynamic response, high accuracy, no DC offset, and
strong robustness. However, its average switching fre-
quency varies with the DC load current, leading to uneven
and random switching patterns that impose additional
stress on the switching devices.

o Predicted Current Control with Fixed Switching Fre-
quency (PCFF) [7], which provides a fast dynamic re-
sponse and a consistent switching pattern, which reduces
stress on switching devices, but it is sensitive to parameter
variations.

These control strategies along with other linear control tech-
niques offer a range of benefits and drawbacks ranging from
complexity of the control circuit, switching frequencies, and
complications in transient responses. One common drawback
among all the linear approaches is their inability to ensure
system stability during large-signal disturbances. The state-
space-averaged models of PWM inverters, derived using these
strategies, are known to be nonlinear systems. Due to the
challenges associated with controlling such nonlinear systems,
much of the previous research has focused on applying linear
control theory to small-signal linearized models of these DC-
AC converters. However, these control laws typically only
ensure system stability for small perturbations around the
operating points of both state and input variables. Therefore,
it is highly desirable to develop control strategies that can
aim at global stability for the converter without resorting to
linearization of its mathematical model.

Different nonlinear control strategies have also been pro-
posed to provide an improved response from the system. One
of the frequently adopted techniques is the Model Predictive
Control (MPC) used for the regulation of a three-phase inverter
[8], [9], [10]. While an MPC is simple to implement, it is
computationally demanding and its results do not show ex-
ceptional performance in terms of steady-state error and THD
even when augmented with a current observer. Additionally,
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MPC relies on the knowledge of the system parameters, which
can be a limitation.

Another control approach is based on deadbeat controller.
While it provides an appropriate response during transients,
its performance is highly dependent on model uncertainties
and parameter perturbations [11], [12]. The controller tends
to become unstable if the parameters are not known exactly.

Unlike the deadbeat control approach, H., controllers are
based on robust control theory and are capable of handling
system uncertainties. Nevertheless, the controllers generated
are often too intricate for digital processors due to their high
order [13]. To address this point, a suitable order reduction
process is necessary to create a manageable controller, but this
process may compromise the characteristics of the original
controller. Additionally, the design specifications of these
methods, including weighting functions and perturbation mod-
els, are complex, which can be seen as another disadvantage.

Another method is based on feedback-linearization ap-
proach [14]. The controller is able to obtain adequate total
harmonic distortion results for both linear and nonlinear loads
but it does not take into account the control performance under
parametric uncertainties.

Lyapunov-based approaches are based on the use of Lya-
punov energy function. Among the traditional Lyapunov-
based control approaches, Sliding Mode Control (SMC)-based
methodologies have been widely applied for the regulation
of three-phase inverters [15], [16]. SMC is used because it
is capable of providing protection against parametric uncer-
tainties and offer a robust response in dynamic conditions.
However, the drawback of SMC is that it suffers from time-
varying frequency and chattering phenomenon.

Lyapunov-based methods have been used for the regulation
of a rectifier [17] and an active filter [18]. In the derivation
of this approach, it is ensured that the derivative of the
Lyapunov function is negative under all possible operating
conditions. However, this approach suffers from considerable
steady state error and large THD in the output voltage. This
method has been recently improved in [1] by the introduction
of output voltage feedback loops. This results in considerable
mitigation of steady-state errors and improvement in reducing
the harmonics in the output voltage. In [1] the performance
of the method proposed is successfully compared against
deadbeat and SMC controllers presented in the literature. Due
to the excellent performance of this controller, it is used as a
benchmark for further comparisons.

This paper presents an innovative control strategy for a
three-phase voltage source inverter, with an output LC filter,
that supplies a resistive three-phase load. This strategy is
based on a closed-loop controller that adapts its characteristics
to follow a reference trajectory defined on the basis of the
model of the system. The corresponding Model Reference
Adaptive Control (MRAC) minimizes the error between the
output and the reference through an adaptation mechanism
that implements the concepts of the Torelli Control Box (TCB)
approach [19], so that the error on the output variable has an
asymptotic convergence to zero. The TCB approach consists
of a computational paradigm based on the Lyapunov theory
and the sensitivity theory, which has already been successfully

used in applications to different domains, from power system
optimization [20] to the control of Buck and Boost DC/DC
converters [21].

The original contributions of this paper are:

e The formulation, for the first time, of a MRAC-TCB
approach to control a three-phase inverter. The proposed
approach allows the system to reach global asymptotic
stability without linearization. Furthermore, the proposed
controller provides a fixed frequency and low-cost solu-
tion as it does not require the use of current sensors.

o The description of the characteristics and effectiveness of
the proposed MRAC-TCB approach applied to simulated
cases of a three-phase voltage-source inverter that serves
a resistive load, operated under balanced and unbalanced
conditions, including comparisons with other types of
controllers.

o The experimental verification of the robustness of the
MRAC-TCB control on a three-phase inverter prototype,
with the controller implemented in a microcontroller,
again compared with a traditional controller.

The next sections of this paper are organized as follows.
Section II illustrates the conceptual framework of the proposed
methodology. Section IIl presents the mathematical model
of the three phase inverter system used for the application
of the MRAC-TCB control approach. Section IV shows the
simulation results, followed by the experimental results in
Section V and by the conclusions drawn in Section VI.

II. CONCEPTUAL FRAMEWORK

A. Formulation of the TCB Approach for Model Reference
Adaptive Control

Let us consider a non-linear differential-algebraic equation
system in which the state variable vector x(7) € R, the control
variable vector u(f) € R and the vector y(f) € R of the
algebraic variables depend on time 7, as follows:

(1) = £(x(1), u(r)) ey
gx() —y() =0 (2)

Equations (1) and (2) represent the derivative in time of the
state variables and the algebraic equations, respectively.

The basic idea of the TCB-based control approach is the
adaptive stabilization of non-linear systems. The most im-
portant design specification is to achieve asymptotic tracking
of a known reference trajectory with the strongest possible
form of stability. In addition, the adaptive controller provides
effective means for shaping the transient performance and
thus allows different performance-robustness trade-offs. The
suggested approach is composed of three steps:

1) Formulation of the tracking error of the output, where the
output is coincident with the state variable of interest, and
of the reference model expressed by a desired trajectory
y(@®.

2) Evaluation of system equilibrium point involving the
steady state x* of the system and the corresponding input
signal u*.

3) Design of the control law which forces the system tra-
jectory to reach asymptotically the prefixed equilibrium
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point by following the computational paradigm based on
Lyapunov theory and sensitivity theory.

The reference trajectory is used to specify the ideal response
of the adaptive control system to the external change. The
choice of the reference model should reflect some performance
specifications such as rise time, settling time, overshoot, or
frequency domain characteristics. In the sequel, the time
argument is omitted for brevity. The output reference model
dynamics are usually expressed by a low-order linear system
as follows:

§+ k19 + koy = kova 3)

where the parameters ki and ko are chosen so that the
polynomial P(s) = s? + kys + ko is an Hurwitz polynomial
and yq is the steady state of the output signal.

In the second step, the reference trajectories of the state
variables x and the control signals u are evaluated in the (x,u)
composite domain. Let us impose y = x;, where z; is the state
variable of interest. The reference trajectories in the domain
(x,u) are obtained by the steady-state conditions of the system
expressed in (1) and (2):

f(x,u) =0 “)
ri—y=0 &)

Consequently, the trajectories are characterized, for each y,
by the equilibrium points of the dynamic system. The region
described by the trajectories assumes the characteristics of an
attraction domain, for the system (1), coincident with the entire
state space. The solution of (4) and (5) can be re-proposed in
the evaluation of the equilibrium point (x*,u*) that minimizes
the error functions:

e; =f(x,u) (6)

o=z — Y )

Let e = [e],eq]" and z = [x,u’]T. Minimizing e means
minimizing the following quadratic function:
1

U = §eTe )

The traditional approach for finding the minimum of (8)
consists of solving the following first-order derivative condi-

ton: OU(z)  de(z)
0z 0Oz

Due to the non-linear nature of the resulting equations,
numerical methods are usually adopted to obtain a solution
within a prefixed tolerance.

In the third step, the adaption mechanism suggested in the
TCB method is explicitly designed so that the asymptotic
stability of the equilibrium point is guaranteed. The adapta-
tion mechanism design is based on the minimization of the
following tracking errors with respect to control signal u:

e(z) =0 9)

(10
where Wy and W, are diagonal matrices that contain the
positive weights associated to each error referring to the state
variables x and control variables u, respectively. The term
f(x*,u*) is null as it is estimated in an equilibrium point of
the system.

Assuming e =[elel.el]", since the state vector x is u-

dependent, the controller design problem can be recast as
follows:

(1)

e(x(u),u) =0 (12)

Therefore, the problem consists of evaluating the input
vector u(?) such that each component of the error vector e
is reduced to zero while simultaneously fulfilling the dynamic
constraint given by (11).

The controller design problem is converted in a multi-
objective optimization problem with dynamic constraint. Let
us consider the composite vector e(x(u),u) as a unique
function of u, with e(x(u), u) = 0 at u = u*. Therefore, the
goal is to change u until e(x(u), u) is either zero or minimal.

A possible way to achieve this goal is based on the definition
of the following candidate Lyapunov function:

1
V =_e'e
2
that is a positive semi-definite scalar function.
Conceptually, if the time derivative V can be made negative

definite or negative semi-definite, then e(u) approaches the
minimum of e asymptotically. By determining V from (12) :

13)

vV =ele (14)
and because
e= 2—31’1 (15)
it results
V=% (16)
Ju

A key point of the TCB approach is to impose the condition

that u changes according to the gradient of V, that is:
OVA\T oe\T

k() k(B

v ou ou) € 17

where the gradient is again defined as a row vector and K is

a positive constant.
Then, by substituting (16) into (15) and (14), it follows:

o
e=—5(50) (50) @ (19)

Equation (18) is a quadratic form that is certainly negative
semi-definite.

The foregoing mathematical manipulation indicates that to
guarantee the asymptotic stability of the equilibrium point
u*, the control action u must be generated according to
the formulation defined by (16). This leads to satisfy both
conditions (V(e) > 0 and V(e) < 0) associated to the
Lyapunov theory.

In addition, by observing (19) it has to be noticed that the

matrix (%) (%) is positive definite and symmetric, and its
eigenvalues are real and positive. Hence, it can be concluded
that e(x,u) exponentially converges to the equilibrium point
e(x*,u*) = 0 which implies x = x*, u = u* and f(x,u) = f(x*,u*)
=0.
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The vector de/du can be expressed as follows:

Oe 8xTI of ox = of\TqT
ou [(8u> T (8x6u + 8u> }
where % is the sensitivity vector that is achieved as the
solution of the state sensitivity differential equations obtained
deriving the system equation (1) with respect to u:
ox ofox of

In conclusion, the TCB controller design is obtained by
solving the sensitivity equation in (21), together with the
differential equations (1), (3), and

a=—[(53) -

B. Discussion on the Adaptive Control Properties of the TCB
Approach

(20)

of 0x

X)+I(u—u")+ ———+— f(x )}
OxoOu Ou

(22)

In principle, the TCB control aims at following the reference
trajectory of the desired output, which can be either a steady-
state value or a trajectory that includes transients. Because of
the adaptive nature of the TCB control, the output variable
follows only the dynamics of the reference trajectory and
is insensitive to model uncertainties or parametric variations
[21]. In case of setting up a transient reference trajectory, the
dynamics of the controller have to be significantly faster than
the dynamics of the reference transient. In this way, setting
up the gain of the controller high enough to make the output
variable of the system approaching fast the reference transient
trajectory, the performance of the TCB control is remarkably
robust according to its mathematical formulation.

During time, the response evolves in the direction of the
reference trajectory to reduce the error with respect to the
reference trajectory itself, and becomes practically insensitive
to noise in the input variables. The only case in which the
measurement noise can affect the controller performance is
in the presence of noise in the measured output variable to
be compared with the reference trajectory. In this case, the
response can be less regular when approaching the reference
trajectory because of the biased or erroneous reporting of the
measured value, however, the controller works properly.

III. APPLICATION OF AN OBSERVER-BASED MRAC-TCB
APPROACH TO THREE-PHASE VOLTAGE CONTROLLED
INVERTER

A. Three-phase Inverter Modeling

Fig. 1 depicts a three-phase inverter with LC filter. The
mathematical model in the synchronously rotating dq frame
can be expressed as follows:

1 %(Hd'zvs Rxy — 23+ wlxo)

j?g = i(“q2 R.]jQ — Ty — CdLl'l) (23)
T3 = %(1:1 —ioq + wCxy)

i’4 %(12 — ioq — UJC.’Eg)

where 1, x5 are the three-phase inductor currents expressed
in the dq frame (i.e. irq and i;,), while x3 and x4 are the
output voltages (v,q and v,4, respectively). Similarly, u4 and
uq are the dq representation of the three-phase duty cycle. The

2025 4

terms L, C and R are the inductance, capacitance, and inductor
resistance values of the converters, respectively. Moreover, w
is the angular frequency, i,q and i,, are the load currents in
the dq domain, and the load is represented by the resistance

Rr.
544
I L
Y MM
. R L fon
Vs() al WA— YA "
R
_IE JE’} Jj} = Vo Vob =< Voa Toad
Fig. 1. Three-phase inverter with LC filter.

B. Adaptive State Observer Design for the Three-phase In-
verter

For this application of the MRAC-TCB approach, a state
observer is used to estimate the unknown load resistance under
dynamic conditions. State observers to estimate the load have
previously been used for DC-DC boost converters in [22] and
[23].

For the design of the observer, both the inductor current and
the output voltage are considered accessible. The observer is
designed to estimate the value of the unknown load resistance
Ry.. Considering 1/ Ry, as 6, the following estimator equations
can be written for the three-phase observer:

) %UMV — Rity — &3 +wlLiy) + Ky (21 — &1)
Fo = L(Be _ Riy — &y — wLdy + Ka(as — #2)
iy = %(:%1 —x39+ow4) + Ks3(x3 — &3)
£é4 %(i’z — .7(,'49 wCi3) + Ky(xg — .%’4)

(24)
where 1, T2, £3 and 24 are the estimates of their respective
state variables, K; to K, are observer gains, and 0 is the
estimate of 6.

The next step is to design an adaptation law for f. Let us
start by defining the following state error terms:

T1 =21 — &1

Tg = X2 — T2

N . (25)
T3 = x3 — I3
Ty =g — Tg
together with
6=0-6 (26)

Using (23) and (24) results in the following formulation:

i = ( RE1 — &5+ wLis) — K14

1?‘2 = Z(—R{L‘Q —~:L‘4 — UJLQ?l) — K2j2 (27)
T3 = 5(F1 — x3b + wCEy) — K33

iy = 5(F2 — 240 — wCE3) — Ky

To find the adaptive law for @, let us consider the following
Lyapunov function'

v=lrazs

2 2Lx2 + C.’L‘g + C + 792

(28)
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where v is a design parameter. The time derivative of the
Lyapunov function is expressed as follows:

V = 7K1$1 K21‘2 K31’3 K4l’4

_ ) (29)
+0(*5)3I3 — i’4f£4 —+ Y 9) —+ E(X, X)
The adaptation law for 6 is determined by the following
equation:

o= —y(x3%3 + T4Z4) (30)

The function €(x,X) is such that when the adaptive TCB
control law derives the state variables x to X, the function
goes to zero and the Lyapunov function is negative definite.

C. MRAC-TCB Design

As indicated in Section II-A, the MRAC-TCB approach is
implemented through three distinct steps:

1) First step: The reference model is generated as a ref-
erence signal to regulate the output of the converter. This
reference signal is the desired value of v,q and v,4, denoted as
Yod and y,q, respectively. The state variable vector x includes
T1, To, T3, and x4, the control variable vector u contains ug
and u,, and the algebraic variable y contains y,q and y,q.

2) Second step: The coordinates of the equilibrium point
are determined within the composite domain (x, u), indicated
as (x*, u*). To achieve this, the equilibrium point for steady-
state values is derived by setting (14) to zero. But due to
the adaptive design in which the load resistance is determined
using the observer, the load resistance R, is redefined in terms
of 6, resulting in the following equations:

z] = yodé

s = yoqé + CyYoqw

& (=CLyoaw® — LyogBw + Ryoaf + yoa)
ut = V%(Ryoqé + Lyoabfw + C Ryoqw)

N €29
Ug =

3) Third step: The adaptation mechanism is designed for
the minimization of the following tracking errors:
e1 = ay(z1 — z7)
es = ay(ze — z3)
es = ag(x3 — 2f)
eq = ao(xy — )
es = B(ua — uy)

e = fug — uZ)

The weight vectors a1, ai, and 3 are determined empiri-

cally to adjust the response of the system. Again, using the

expression defined in (17) and the error vector mentioned
above, the control equation for u, becomeS'

(32)

d d
ud:—K[afﬂel—’— 2€2+ g 636
dud d du, Ug (33)
de de de
o ey 2 des 2 G€g
+aj dug es+ B dug es + 3 dug 6
d d d
Ug = —K[a%ﬂel + a%ﬁeg + o2 c es3
dug dug dug (34)
_;’_aQ@ —&-52%6 +62%6 ]
2dug T du, T du,

2025 5

where K is the gain factor with constant value given in Table
1L

The derivatives of the error equations in (32) with respect
to ugq are given by following equations:

Gt =011 — Yoargy;)
fj%; = a1(f2 — yoqd%)
ﬁ = a2y3 (35)
ﬁ = Q2
:;%Z :B( (Lyoqwdui *Ryod )+1)
et = B(32 (Ryoq s + Lyoaw dud))
where ¢ is a sen51t1v1ty parameter representmg dx ,and ¥ is
calculated from (24) by the following set of equatlons:
i =+(% — Rin — g5 +wLi2) + K1(y1 — 41)
3?2 = 1 (—Rj> *}?4 —wLih) + Ko(y2 — §2) (36)
gs = & — ysb + wCin) + Ks(ys — 93)
g1 = & — yab — wCis) + Ka(ys — a)

i is derived by

The sensitivity parameter y representing
the following equations:

7 (% — Ry — y3 + wlyp)
g2 = $(—Ryz —ys — wly) 37)
Us = &(y1 —y3/Re +wCys)
U4 %(yz —ya/Rp — wClys3)
For the derivation of , using equation (30), the result is:
do . - - -
duy —Y(y3%3 + Y323 + Yala + JaTs) (38)

Similarly, for the derivation of equations for the q-domain,
the above procedure is repeated.

Again, taking the derivative of (32) with respect to u, gives
the following equations:

372 =a(% — yoqdiq)

j—z = a1(%2 — Yoq dch)

‘ZT = 02% (39)
d—Z‘; = o2y ) )

7 = B( (Lyogw gy — Ryoaiiy))

,%i =p(1- \%(Ryoq% + Lyodw%))

For the sensitivity parameter 27, using again (24) and finding
its derivative against u,, the following equations are obtained:
LR — 23+ wl) + Ki(21 — £1)

Z = (— — R%9 — 24 —wL21) 4+ Ka(22 — 22)
Z3 =55 — 230 + wC%y) + Ks(23 — 23)
= é(zz — 240 — wC2z3) + Ky(z4 — 24)

zZ1 =

>
s/l

(40)

dx

The sensitivity parameter z representing - is derived by
q

the following equations:

21 %( RZl — 23+ szg)

%9 :%(% Rzy — z4 —wLz) @1
2'73 = %(21—23/]{[/ +WCZ4)

24 %(22 —Z4/RL —wC’z;;)
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TABLE I
SPECIFICATIONS OF THREE PHASE INVERTER

| Description of parameters | Nominal value I

Input voltage, Vg 40V
Reference output voltage, Vore s 24 V (phase-to-phase peak)
Capacitance, C' 20 uF
Inductance, L 100 pH
Nominal Load, R 330
Switching frequency, fs 45 kHz

TABLE 11
CONTROLLER GAINS AND OBSERVER GAINS

[ Description of parameters || Nominal value [[ Units of Gains ||

Controller Gain K 5 N
at 0.25 AT
az 0.050 VT
B 6.0 -
v 1.1 T Q?
k1 4.90 x 10% s~ 1
ko 4.95 x 10% s 1T
ks 0.15 x 10% s—1
k4 1.05 x 107 s T

For the derivation of %, from (30) it results:

do o L
= —v(23%3 + Z3w3 + 2484 + Za4)

= (42)

IV. SIMULATION RESULTS

This section presents the simulation results of the proposed
control approach. The parameters used for the three-phase
inverter are shown in Table I. The control gains for the TCB
controller and the load observer are shown in Table II. It
should be noted that the gains are chosen empirically in such
a way to achieve an appropriate balance between fast tracking
and low overshoot voltage. Generally speaking, the values
of the constants K and [ are kept one order of magnitude
higher than the values of the gains «. The sampling frequency
of 45 kHz has been used. No discretization technique has
been used for the controller implementation, as the sampling
frequency is sufficiently high and the control is sufficiently
robust. A dead-time has been added to avoid the risk of short
circuits in the inverter. The dead-time compensation solution
has been applied following a state-of-the-art approach [24].
Therefore, after compensation, the dead-time does not impact
the control loop. The simulations have been performed in the
Matlab/Simulink environment.

Fig. 2 shows the block diagram of the observer-based
MRAC-TCB control system. As shown in the figure, sensors
are used to measure the inductor currents (shown in blue)
and capacitor voltages (shown in red). These values are trans-
formed from the phase (abc) domain to the dq domain using
the Park transformation. The resulting values of V4, and 17,44
are then used by the load observer to estimate the load resistor
values. Finally, the adaptive TCB controller uses these values
to generate g and 4. These values are used to derive the six
switches S to Sg after inverse Park transformation to convert
tq and pg to figp. domain.

The aim is to test the controller’s robustness and adaptivity
under different scenarios. The first part shows the results when

TABLE III
VOLTAGE THD % UNDER DIFFERENT LINEAR LOAD CONDITIONS

[[ Load Resistance Ry, () [[ THD% ]|

13.20 2.93
6.6 2.52
33 2.11
1.65 1.65

0.825 1.48

0.4125 1.20

the control system is tested with linear (resistive) load, while
the second part shows the response with non-linear loads.
The final part shows the comparison of the proposed system
with a Sliding Mode Direct Voltage controller taken from the
literature [25].
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Fig. 2. Proposed scheme of the observer-based TCB adaptive control system.

A. Linear Load

Fig. 3 shows the output phase-to-phase peak voltage of the
inverter when the load is halved from R;, = 6.6 Q to 3.3 Q
and successively to 1.65 €2 at every 0.1 s interval after 0.1 s
onwards. The steady state error remains negligible throughout
the various load value variations. On average the recovery time
is around 5 ms for each step change.

The corresponding 6 calculated by the observer is shown in
Fig. 4(a), and the load current variation is shown in Fig. 4(b).

0.1 015 0.2 0.25 03 035

Time (s)
Fig. 3. Output voltage response under linear load variations (phase-to-phase
voltage, peak voltage 24 V).

Table III shows the Total Harmonic Distortion (THD) per-
centage of the voltage at different values of load resistance.
As seen from the table, THD% increases from 1.20% for Rj,
= 0.4125 to 2.93% for Ry = 13.20 €.

The performance of the controller was next tested under
unbalanced load conditions. For this test, phase ¢ was opened
at exactly 0.2 s. The corresponding output phase-to-phase
voltage and load current are shown in Fig. 5. Fig. 5(b) shows
that the current goes to zero at 0.2 s, but as seen from Fig. 5(a),
the fault has no significant influence on the phase voltage.
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Fig. 4. (a) Observer output in response to load variations (b) Output current
in response to load variations.
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Fig. 5. (a) Output voltage and (b) Load Current under phase fault conditions.

Finally, a robust control system has also an allowance for
parametric uncertainties. Hence, the values of LC parameters
have been varied from 50% to 400% of nominal values. Table
IV shows the effects of parameter mismatch and its effects
on voltage THD% at phase A. As seen from the table, as the
values of both L and C increase, the values of the voltage
THD% decrease. In the harshest condition, i.e., with L and C
reduced to 50% of their nominal values, the maximum THD%
of 5.46% is obtained.

TABLE IV
VOLTAGE THD% UNDER INDUCTOR AND CAPACITOR PARAMETER
UNCERTAINTIES
Cap. = 10 uF Cap. = 20 uF Cap. = 80 uF

Inductance | THD Inductance | THD Inductance | THD
(1H) % (1H) % (nH) %

50 5.46 50 145 50 0.11
100 2.88 100 2.11 100 1.91
200 1.75 200 1.50 200 1.47
400 1.17 400 1.10 400 1.03

, 2025 7

B. Nonlinear Load

The nonlinear load proposed for the testing of the control
system is shown in Fig. 6. It is a three-phase diode rectifier
with capacitor Cy, inductor L, and resistance Rp. The values
of inductor and capacitor are 100 mH and 20 uF, respectively,
while the resistance is changed to different values.

The output voltage and current under nonlinear load are
shown in Fig. 7. As seen from Fig. 7(a) for load resistance
13.2 €2, there is a negligible steady state error, while the output
is not as smooth as in the case of the linear load. The THD%
of the voltage at phase A is 4.90%, which is below the 8%
limit specified by the standard IEEE 519-2014.

The relationship of THD% with the load resistance is shown
in Table V. The THD% decreases with the load resistance
increase. But even with the lower values of the load resistance,
the overall THD% remains within the limit of the standard
IEEE 519-2014.

Ly

v, ———— R,
Vo L,

»l
>
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>
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»l
>
>
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>

Fig. 6. Three-phase diode rectifier-based nonlinear load.

C. Comparisons with a Cascaded Dual-loop PI Controller
and Nonlinear SMDVC Controller Proposed in the Literature

This section presents a comparison between the proposed
controller and a Sliding Mode Direct Voltage Loop Controller.
The values of the controller constants were fine-tuned to get
optimized results. The tests were first carried out in simulation
in the Matlab/Simulink environment.

0.25
Time (s)
(@)
MY M M MW(VL T W
<
o % M TJHJJJ
1) ‘vu‘vu Lul\/u‘ u\)-/u ‘u\)
-1((,].1 0.12 014 041 0.1 022 024 026 028 0.3
Tlme(s)
(b)

Fig. 7. (a) Output voltage and (b) Load current under nonlinear load.
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TABLE V
VOLTAGE THD % UNDER DIFFERENT NONLINEAR LOAD CONDITIONS

[[ Load Resistance Ry, () [[ THD% ||

33 6.71
6.6 5.14
13.2 4.90
30 3.88
50 3.72
75 3.69
20 A
10 - i
g 0 7
>
401 1
-20 y . . ’
0.02 0.04 0.06 0.08 0.1 0.12 0.714
Time (s)
(@
2 A s/\ ‘/\‘ /\‘ /\ f’/\ ‘/\‘ /\ ”\ f’/\ /\ /\\ /\ /\’
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> | |
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Fig. 8. (a) Output voltage response of SMDVC under nonlinear load (b)
Output voltage response of the cascaded dual-loop PI controller.

The Sliding Mode Direct Voltage control (SMDVC) is taken
from [25]. The performance of the SMDVC controller with
three-phase diode bridge rectifier nonlinear load is shown in
Fig. 8(a). The SMDVC controller has a smooth output with
negligible steady state error. Furthermore, the THD response
of the SMDVC controller alongside the proposed controller for
load Ry, =70 2 is shown in Fig. 9. Both controllers show little
harmonic distortions. The 5th and 7th harmonics are present
for both controllers but their magnitude is mitigated. Overall,
the proposed controller (THD of 1.83% as compared to 2.12%)
shows slightly improved response in terms of THD percentage.
The steady state errors of both controllers are negligible.

As shown in Table VI, our control system does not require
the use of load sensors. Apart from the Model predictive
controller proposed in [27] which also uses observers, other
reported control systems do use sensors for measuring the
load current. However, the MPC based controller has a very
high computational burden and does not operate on constant
frequency like the other approaches.

The feed-forward PI controller is simpler to implement
in comparison with other proposed control techniques but it
can only guarantee local stability around the operating point.
It has also been simulated as shown in Fig. 8(b) and also
implemented to obtain the experimental results shown in the
next section. Other Lyapunov based control approach and the
SMDVC do offer robustness and low steady state errors, but
in case of [28] requires the use of additional current sensors.
In SMDVC, sensors are used for measuring both inductor and
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Fig. 9. Phase A voltage THD of (a) TCB-based control system (b) SMDVC
controller.

TABLE VI
COMPARISON OF THE PROPOSED CONTROL SYSTEM WITH CONTROL
SCHEMES PROPOSED IN THE LITERATURE

Reference [26] [27] [28] [25] This pa-
per

Control Feed- FCS Lyapunov | SMDVC | TCB-
strategy forward | MPC function based

PI control based control

control ap-

proach

Large No Not re- | Yes Yes Yes
signal ported
stability
guaran-
teed
Load 3 0 3 3 0
current
Sensors
Computat. Low Very Medium | Medium | Medium
burden high
Switching Fixed Varying | Fixed Fixed Fixed
frequency
THD % 0.48 2.31 1.046 0.19 0.16
Steady- 0.123 3.629 1.046 Negligible| Negligible
state error
%

load current, and the overall cost is mitigated by designing
an observer for estimating the output voltage. However, in
practice, it is usually difficult to have access to load current
information.

V. EXPERIMENTAL VERIFICATION OF THE RESULTS
A. Testing the Proposed Controller on a Laboratory Prototype

In order to test the validity of the proposed controller in real-
time, a prototype of the control system applied to an existing
three-phase inverter was built in the laboratory. The experi-
mental setup is shown in Fig. 10. The setup consists of a three-
phase MOSFET inverter controlled using a microcontroller.
The code that refers to the proposed method has been loaded
in the microcontroller using the STM32 Cube IDE program.

The filter consists of inductors and capacitors connected in
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Fig. 10. a) Schematic block circuit of the inverter system and load used. b)
Experimental setup.

parallel. The input voltage is given by connecting two voltage
sources in series. Two pairs of three resistors, used as the
load, are connected in parallel through a switch that is turned
on or off to test the performance of the controller in real-time.
The parameters of the setup and the values used for controller
are as shown in Table I and Table II, respectively. The input
voltage is fixed at 40 V, for a desired output peak voltage of 24
V phase to phase. The inductors used are 100 pH each with a
saturation current of 9 A. Three film capacitors of 20 yF each
were used. Initially, the load was fixed at 3.3 Q. To test the
validity of the controller, the load was varied by connecting
another pair of 3.3 € loads in parallel, so when the switch is
turned on, the load is halved to a value of 1.65 (). The three-
phase MOSFET switches were operated at the frequency of 45
kHz to decrease the operational values of inductors required
in the LC filter.

Initially, the controller was operated at the nominal values
given in Table I. For a load of 3.3 (), with the converter
operated at steady-state, Fig. 11 shows the waveforms for
voltage and inductor current on the oscilloscope. It should
be noted that for the ease of voltage sensor implementation,
the voltage was sensed between the phase and neutral points.
Hence, the voltage seen in these figures here is actually 24
V divided by /3. Moreover, voltages and currents in the
oscilloscope waveforms are in phase.

As shown in Fig. 11, the voltage is tracked perfectly for the
given reference value. The inductor current is in phase with
the voltage. The slight perturbation in the voltage waveform
at zero crossing is due to the dead time implemented in the
operation of MOSFET switches to prevent leg short circuit.

The next step in the testing was to turn the switch on

Phase Voltage

10V 7\ N\ N\ A,' /
wm NN LN LN\
/ \ / \ / \ / \ / \
oS NS S S N

un :

Pha/s/E Current

h 4 4 N
Time=10ms

Fig. 11. Experimental waveforms of the inverter phase voltage (upper trace,
green) and phase current (lower trace, purple) for the 3.3 €2 resistive load. V
=5 V/div, I = 2 A/div, t = 10 ms/div.

and monitor the performance of the controller when the load
resistance is halved. The resulting oscilloscope waveform is
shown in Fig. 12. The voltage remains constant, while the
current is doubled.
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0 N\ / / \

oy \/ \/
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20V
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R

Fig. 12. Experimental waveforms of the inverter phase voltage (upper trace,
green) and phase current (lower trace, purple) parallel resistive loads (1.65
Q). V =5 V/div, I =2 A/div, t = 10 ms/div.

The most important part of the transition period is when
the switch is turned on. To validate the performance of the
controller with different target points, multiple screenshots of
voltage and current waveforms were recorded at the instant of
switching from 3.3 €2 load to 1.65 2 load. The oscilloscope
waveforms reported in Fig. 13 show cases with four different
times when the switch was turned on. The results show that
while the current was doubled each time, after a very fast
transient the voltage remained constant for each case.

B. Comparison with Another Dual-loop PID Controller

To compare the results obtained for the regulation of
inverter prototype, a dual-loop cascaded controller with an
outer voltage loop and an inner current control loop has
also been implemented. The control has been implemented
in the rotating reference frame that is synchronous with the
three-phase sinusoidal reference voltage at the load side. The
bandwidths of the current loop and voltage loop have been set
to 500 Hz and 50 Hz, respectively. To test its performance,
again the linear load was stepped down from 3.3 2 to 1.65 Q.
Fig. 14 shows the variations in the load voltage as shown in
the oscilloscope.

Data was also collected in Matlab for calculation and
analysis purposes. It was determined that there is no significant
steady-state error in the response (same as for the proposed
controller) but the voltage does take longer to reach the
steady-state value (approximately 20 ms). Concerning the
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Fig. 13. Experimental waveforms of the inverter phase voltage (upper trace,

green) and phase current (lower trace, purple) at different trigger points of
the switch for load variation. V = 5 V/div, I = 2 A/div, t = 10 ms/div.

Total Harmonic Distortion, for the proposed controller the
resulting THD% is 1.26%, while for the cascaded dual-loop
controller the THD% is around 3.28%.

VI. CONCLUSION

In this paper, a novel TCB-based adaptive control approach
has been proposed for a three-phase inverter. An observer
has been designed to estimate the value of the load for
reducing the number of sensors required to implement the
control system. The proposed control architecture guarantees
global stability of the closed loop system for both linear
and nonlinear loads. The proposed approach shows negligible
steady-state errors and low THD% for various load conditions.
As the load increases, the THD% decreases to negligible
values. Furthermore, the robustness of the proposed approach
has been confirmed by varying the LC parameters, with low
steady-state errors and low THD% even under high inductor
and capacitor parametric uncertainties. All these characteristics

Fig. 14. Experimental waveforms of the inverter phase voltage (green trace)
and phase current (purple trace) response of a cascaded dual-loop controller

action at load variation. V = 5 V/div, I = 5 A/div, t = 20 ms/div.

confirm the proposed approach as a very effective alternative
to the currently available solutions.

This paper has presented the fundamentals of the MRAC-
TCB approach and the substantial results obtained with exper-
imental confirmation on linear loads and steady-state output
voltage reference. Further work is in progress to apply the
proposed approach in various directions. While the compu-
tational paradigm remains the same, on the experimental side
the applications under exam include the definition of reference
trajectories based on predefined voltage transients, the exten-
sion of the experimental results to the use of unbalanced and
nonlinear loads, and the operation of the proposed controller
within three-phase inverters connected to the grid in different
modes.
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