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ABSTRACT This paper proposes an adaptive control technique (ACT) for a three-phase, three-level,
T-type rectifier based on online disturbance estimation and compensation. The proposed solution also
regulates the DC-link voltage and grid currents under uncertainties, disturbances, measurement noises, and
unbalanced grid voltages without cascaded control. The proposed controller consists of two layers; the first
one is responsible for estimating nonlinearities and model uncertainties based on Kalman Filter Algorithm
(KFA). The second layer is responsible for controlling both grid currents and DC link voltage using Linear
Quadratic Regulator (LQR). The proposed controller is analyzed theoretically, validated experimentally,
and the performance of the proposed controller is compared with two other controllers. The simulation and
experimental results prove the superiority of the proposed controller and show that the proposed controller
can ensure fast-tracking performance with almost zero steady-state error. The proposed controller has the
ability to overcome severe disturbances such as AC and DC side disturbances, measurement noises, and
mathematical model’s uncertainties even up to 400%.

INDEX TERMS Three-level T-type rectifier, online disturbance estimation, adaptive control, Kalman filter,
LQR control, single-loop control.

I. INTRODUCTION
Controlled rectifiers are widely used in many industrial appli-
cations, such as DC drives, controlled power supply, wire-
less power transfer, and electric vehicle battery chargers
[11, [2], [3], [4], [5]. Controlled rectifiers have attracted many
researchers worldwide due to their advantages represented
by the ability to control the output DC voltage, produce
sinusoidal line currents, and ensure the operation at the unity
power factor.

Controlled rectifiers can be voltage source [6] or cur-
rent source [7], [8]. The significant drawbacks of the cur-
rent source type are that it has low efficiency and causes
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a distortion in the grid current. On the other hand, the voltage
source rectifier has a simple structure and can be controlled
easily [9].

The controlled rectifier can be either two-level or mul-
tilevel. Recently, multilevel converters have been used as
alternatives to the two-level in medium and high voltage
applications due to their many advantages [10], such as
high power quality and higher efficiency. The multilevel
converters can be built through different topologies such
as neutral point clamped (NPC) [11], flying capacitor [12],
active NPC [13], cascaded H-bridge rectifier [14], packed-
U-cell [15], and T-type [10]. The T-type rectifier has mul-
tiple advantages over its counterparts, such as low power
losses, reduced components count, simple control, and higher
efficiency [10].
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TABLE 1. List of symbols.

Symbol Description
Vabe Vector of grid voltages
| Vector of grid currents
Ugpe Vector of poles’ voltages
L Input filter inductance
R Filter’s internal resistance
N DC side capacitance
\'” Vector of grid voltages in dgq frame
| P Vector of grid currents in dg frame
& Vector of disturbances
A Continuous states matrix
B Continuous input matrix
A, Continuous extended states matrix
B. Continuous extended input matrix
Acd Discrete extended states matrix
B.: Discrete extended input matrix
Xeik Discrete extended states vector
X, Estimated extended states vector
T, Sampling time
(" Current tracking error in dg frame
LQR Linear quadratic tracker
KFA Kalman Filter Algorithm
ACT Adaptive Control Technique
PBC Passivity-Based Control
Heo H of Inifinity controller
K LQR gain matrix
Ve DC link voltage
Ve DC link voltage reference
Ry Load resistance
AV, Voltage difference between DC side capacitors’
voltages.

These advantages have attracted many researchers from
around the world to adopt this topology [16]. Thus, multiple
control algorithms have been proposed in the past to control
the T-Type rectifier. These controllers aim to control and
improve different criteria such as DC link voltage regulation,
line currents overshoot, total harmonics distortion (THD),
and input power factor. The basic principle of these con-
trollers is to compute the reference line currents based on
the error of the DC link voltage. Then, the line current can
be controlled using different control strategies called Direct
Current Control (DCC) [17]. A Direct Power Control (DPC)
mechanism was also employed to regulate the output voltage
of the DC link [16].

DCC and DPC methods depend entirely on the dynamic
model to perform decoupling between the current elements
in the dg frame. However, in industrial applications, the
controlled rectifiers are exposed to disturbances and uncer-
tainties, where the coupling effects cannot be neglected and
cannot be compensated mathematically. This leads to imper-
fect decoupling between current components, which would
increase the error in DC link voltage regulation and deterio-
rate the response of the current controller.
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To overcome the aforementioned problems, multiple
advanced controllers were proposed, such as Model Predic-
tive Control (MPC), Sliding mode controller (SMC), and
Fuzzy Logic controller (FLC). MPC is an effective control
algorithm that depends on the mathematical model to predict
the response of the rectifier over a horizon [18]. However,
such approach has two limitations; it requires a well-defined
model, and it consumes high computational time, especially
for longer horizons [19]. Multiple researchers employed
Fuzzy logic controllers to perform the control tasks [20].
However, fuzzy logic controllers mainly suffers from the lack
of a systematic method to set the rules or the memberships.

KFA is used in [21] to design an adaptive controller based
on dual-division-summation (DDS) current control. The KFA
is used to estimate filter’s inductance and grid impedance.
The estimated parameters are then used to tune the gains of
the controller. However, the proposed method requires three
algorithms, DDS control algorithm, grid impedance and filter
inductance estimator, and gain correction algorithm. This
increases the complexity of the controller and the computa-
tional load of the entire control algorithm. Moreover, multiple
requirements (such as voltage controller and reference current
generation) must be added to the proposed method to make it
suitable for voltage-controlled applications. This adds extra
complexity and computational load.

A sliding mode controller (SMC) was proposed in [10] to
control the line current of a three-phase T-type rectifier. The
controller was designed to achieve three main tasks, DC link
voltage regulation, unity power factor, and DC capacitors
voltages balance. Such a controller shows an excellent steady-
state response under unbalanced grid voltage and an excellent
transient response even when the load is changed suddenly.
However, the proposed SMC is exposed to chattering which
may deteriorate the tracking accuracy and generates unmod-
eled high frequency dynamics. Moreover, the proposed SMC
requires a cascaded loop for current DC link voltage regu-
lation. The drawbacks of the cascaded control are the slow
response time, increased complexity of the controller, and
increased number of tuned parameters. KFA and SMC are
employed in [22] and [23] to achieve an adaptive control of
a grid connected inverter. In [22] KFA is used to estimate
the states of inverter’s model. The estimated states are used
to design three independent current sliding mode controllers.
However, the sliding mode controller is exposed to chattering.
Moreover, an online design of three independent sliding mode
controllers is complex and time consuming. In [23], KFA
is used for reducing the number of sampling sensors, while
a fuzzy-fractional-order nonsingular terminal SMC (FFO-
SMC) is used for robust control. This method is robust, has
satisfactory steady state and dynamic response, and deals
with chattering problem, however, it has two drawbacks. The
first one, FFO-SMC depends on the derivatives of the grid
voltage and the reference current. The identification of states
drivatives is highly affected by measurement noise, which
may lead to system unstability. The second drawback is that
the FFO-SMC method contains five different gains that need
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tuning and have high impact on the controller’s response.
Underestimating any gain will deteriorate the response of the
controller.

The integration between KFA and MPC was proposed
in [24] to design a current controller for unbalanced grid-
connected inverter. The positive and negative sequence com-
ponents of the grid voltage were extracted by KFA, while
MPC was employed to regulate the currents of the grid.
In fact, MPC is considered one of the most time-consuming
controllers, and the addition of KFA to the MPC makes the
computational load even worse.

A passivity-base control (PBC) [25] was proposed to con-
trol a single-phase T-type rectifier. The major advantage
of this method is the usage of a single control loop to control
the entire system. This advantage simplifies the design of the
controller, reduces the computation time, and increases the
response performance compared to cascaded control. How-
ever, the DC link voltage feedback was not included in the
proposed control technique to regulate the DC link voltage.
The regulation of the DC link voltage is achieved based
on the balanced power principle between the input and the
output. In practical application, there are multiple sources
of losses, such as switching losses, conduction losses, and
losses during transients. These losses may lead to steady-state
errors. H-of-infinity (Hoo) controller was also proposed as
an adaptive disturbance rejection controller [26]. This method
depends on two cascaded loops to achieve the DC link voltage
and grid currents control task. The inner loop represents an
adaptive DC link voltage regulator, while outer loop is an
H oo-based grid currents controller. This controller performs
disturbance rejection task due to the robust nature of the H oo
controller, where the superiority of this method over tradi-
tional extended state observers (ESO) is proved. However, the
proposed method has many constants to be tuned and there
is no systematical method to tune them. Underestimating the
effect of tuning these parameters deteriorates the response
of the controller especially during transient periods. As the
objectives of [25] and [26] are considered in this paper, they
were adopted in the comparison study to prove the superiority
of the proposed controller.

This paper proposes a two-layer adaptive control algorithm
for a three-phase, three-level, T-type rectifier. The proposed
controller depends on separating the dynamic model into
two parts. The first one contains the linear, well-known, and
decoupled terms, while the second part contains the unknown,
coupled, and non-linear terms. As the first part consists of
the linear and decoupled terms only, it can be controlled
directly using any linear controller such as Proportional Inte-
gral (PI) controller, Linear Quadratic Regulator (LQR), and
State Feedback (SFB) controller. The second part of the
dynamic model was considered a disturbance and assumed
to be completely unknown. To compensate the effects of the
unknown terms, they are considered as a lumped disturbance
vector. Then, this vector is inserted into the system as unmea-
sured states. These states are estimated using KFA and added
directly to the results of the linear controller.
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The controller is designed to obtain satisfactory perfor-
mance even if the uncertainty in the model is severe, which
is the main contribution of the paper. The proposed controller
also provides the following advantages,

1. Depends on a single control loop instead of the cascaded
control loop. A single control loop increases the response
performance compared to a cascaded loop and simplifies
the design of the controller.

2. Requires tuning for only one gain related to DC side
capacitors’ voltage balancing, while the control law
(LQR) consists of unity gains, and the KFA can auto-
matically tune its gains based on the error between the
measured and the estimated values.

3. A smooth transient is guaranteed regardless of the amount
of uncertainty, the abnormal conditions, and reference step
size, thanks to the adaptive generation of the reference
signals.

4. The proposed controller is robust against severe parameter
mismatches, measurement noises, and abnormal grid con-
ditions, such as unbalanced and distorted grid voltages.

The rest of the paper is organized as follows; dynamic mod-

eling of the T-type rectifier is introduced in section II. The

design of the controller is described in section III. Compari-

son study and experimental results are shown in section IV.

Finally, the paper is concluded in section V.
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FIGURE 1. Three-phase three-level T-type rectifier circuit diagram.

Il. MATHEMATICAL MODEL OF T-TYPE RECTIFIER

Fig. 1 shows the circuit diagram of a three-phase three-level
T-type rectifier. It has two capacitors on the DC side (C; and
(>), and three legs connected to the grid through inductor-
filters (L) which has an internal resistance (R). Each leg
consists of four power switches, their gates (S;;) are con-
trolled using the traditional three-level switching function.
Such function consists of two carrier signals with a constant
offset (1) in their amplitudes. The AC side of the rectifier is
modeled as follows [10],

d Iabc
dt
To reduce the number of controlled states, (1) can be written
in the dg frame as follows [27],

Vabc =L

+ Rlgpe + ugpe e

dly
Vi =RIl; + LE — wLl; + uq 2)

di,
Vg =Rl +L—! +olLlg + ug 3)
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or in state space representation as follows,
R 1

Iy 0 E Iy 0 l Ug
— Ll L
X [ ——; —_——
A B
V,
=+ ol
)

—q—a)ld

L
—_—

§

(4) represents a first-order coupled linear system. Therefore,
the system cannot be controlled by a linear controller directly
due to the coupling effects between the states I; and /. To use
the KFA, the disturbances should be augmented with system
states as an extended state; therefore, (4) can be written as
follows,

I
Sl rAa o B [w]
é’ T 102 020 gq 02,0 | | ug
S —— —_——— ——
—— A, —_ B. u
X Xe
where, ’;‘ = gd i|, 0,2 is a 2 x 2 zero matrix, and I is a
q

2 x 2 identity matrix.

(5) shows that the system is converted into a linear and fully
decoupled system. However, it has two unmeasured states
([ &4 & ]) These states will be estimated and compensated
online using KFA.

1Il. PROPOSED ADAPTIVE CONTROL TECHNIQUE

A. DISTURBANCE ESTIMATION

In this study, KFA is adopted and used to achieve the function
of state (disturbance) estimation because it has an accurate
and robust response compared to other state observers when
the system is exposed to noise, disturbances, and uncertain-
ties [28]. KFA is an adaptive observer that is used to estimate
states in linear systems. KFA consists of two sequential steps.
The first one is responsible for the prediction, while the other
one performs measurements and states updates [29].

The estimation process is done based on the error variance
and covariance matrices. The main advantage of KFA is that
it does not require parameter or gain tuning. Instead, only
states initialization is required. KFA can be summarized as
follows [29];

i) Prediction step,

f(;{ = Aediek—l + Bequer—1 (6)
P = AuPi1Ag +Q; (7)
ii) Updating step,
-1
K = P, H’ (HP,;HT + Rk) 8)
Xk = ﬁe_k + Ky (Zk - H)A(e_k) ©)]
P, =1-KH)P, (10)
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where, A4 and B, are the discrete state matrix and the input
matrix shown in (13) and (14), X, is the vector of discrete
estimated states, uy is the vector of discrete inputs, Py is the
estimation error covariance matrix, Qy, is the process noise
covariance matrix, Ky is Kalman gain, H is the output matrix,
Ry, is the noise covariance error, z;, is the measurement vector,
I is the identity matrix, and (.”) denotes to the value before
the estimation. The dynamic model described in (5) must be
discretized to make it suitable for KFA. The discretization
process can be done using Euler’s Method,

Ay =1+ T A, (11
B.q =T.B, (12)
where T is the sampling time, A,y and B, are shown in (13)

and (14) respectively. Finally, (5) is discretized using (11) and
(12) as follows,

- RT,
1— 0 T, 0
L
RT;
Ay = 0 1— T 0 T (13)
0 0 1
L0 0 0 1
L
B 0 D 14
ed — L ( )
0 0
L 0 0

B. LQR CONTROLLER DESIGN

The linear controller represents the second layer of the pro-
posed controller.
The LQR control law is given by,

up = —Keg, (15)

where,
u;o : is the current stabilizer control law.
K :is 2 x 2 matrix gain.
€4, : is the current tracking error, and given by,

e | Id—I;ik
o] =7 a9

As the system shown in (4) is decoupled, the gain matrix can
be selected as follows,

_ ki1 0
K_[O klz} (17)

where k11 and ki, are constants. To select the values of these
constants, a Lyapunov function is defined as follows,

1 2 1 2
V= Eed+§eq (18)

The derivative of the Lyapunov function can be written as,

V =eqeq +e4ey (19)
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Assuming that the error between the reference signal and
measured signal is small when control law in (15) is used,
(4) can be linearized around ey, = 0,

€4y ~ Aegy + Buy (20)

By substituting (20), (4), and (15) in (19), the derivative of
the Lyapunov function becomes,

V=—¢—— — —e —e 21
LT LT T @1
————— ——
T T> T3

It can be noticed from (21) that the term 7> is negative because
R and L are positive. Similarly, 71 and T3 are negative if kg
and kpy < 0.

For simplicity, let k13 = —1 and k»» = —1, then, the
control law can be written as follows,
I; — [;; i|
uj) = (22)
l [lq —1y

The relation between AC and DC sides quantities of the
T-type rectifier can be obtained based on the input and output
power balance as follows [5],

Vala + V4l _ E
Vie R

When the grid is operating normally, the term V,I, — 0,

which means that the DC link voltage is almost not affected

by the g part of (23). Therefore, it can be simplified as,

Vala _ Vae

Vie R

(24) shows that the DC link voltage is directly controlled

using I;. However, I; is controlled directly using (22). There-

fore, to regulate the DC link voltage, an additional term will
be added to the control law as follows,

u;; = |:ed e } (25)

¢q

CVie =3 (23)

CVy =3 (24)

where ey is the DC link voltage tracking error and given by
Vjc — Vie.

Another critical control objective for the T-type rectifier is
the capacitors’ voltages balancing. The method used in [10]
is adopted to achieve the balance due to its simplicity. There-
fore, the control law becomes,

—ey —k:A

UL — [Ed ey kC Vci| (26)
€q

where k. is a positive constant and AV, is the difference

between capacitors’ voltages.

C. REFERENCE SIGNALS GENERATION

Traditionally, the error in the DC link voltage is used to
generate the reference currents in cascaded control. However,
this paper does not depend on the cascaded control topology.
The reference current can be computed based on the principle
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of power balancing between the input and the output sides as
follows,

V*Z
Iy __‘de
|:I;:| = ﬁ V4Ry, (27)
0

Generating a current reference signal requires the knowledge
of the load resistance. This can be computed using Ohm’s law
or using the power balance formula, as follows,

2
RL — VdC
V3 Valy

Voltage reference can be generated by the operator. The oper-
ator can be a user or a charge controller. Many applications
require smooth and timely control of the voltage profile.
In these applications, the slope of the voltage should be
controllable. To ensure timely and smooth DC link voltage
tracking, the reference signal provided by the operator is
converted into a signal that is a function of time. This signal
should meet the following constraints,

(28)

Vie | =vi. Va | =V (29)
t=toy t=tf

Vie | =0, Vi | =0 (30)
1=t 1=ty

Vie | =0, Vi | =0, (31)

=ty 1=ty

where v; is the initial voltage, ¢ is the instant time, and # is
the desired transient time.

These six constraints can be achieved if the reference volt-
age profile is designed as a 5-order polynomial as follows,

Vi () = ast® +ast* + a3t + axt® +ajt +ap  (32)

By substituting the constraints in (32), the constants as to ag
can be computed as follows,

10
ap=a1=a=0, a3= t_3(Vf_Vi)
f

—15 6
ay = —— vy —vi), as= =y —vj) (33)
Iy i

To generate the explicit control law, substitute (33) and (27)
in (26),

vi2
€ VIO + Vie — ke AV,

1, — —dc
¢ V3 V4R (34

UL =
I

Finally, the standard dg three-phase PLL function [30] is

used to estimate the phase angle. The overall block diagram

and control flow chart of the proposed control scheme are
shown in Fig.2.
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Generate PIFM
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FIGURE 2. (a) Block diagram of the proposed control method (b) Control
process flow chart.

To gate driver

IV. SIMULATION AND EXPERIMENTAL RESULTS

The adaptivity and robustness of the proposed control scheme
were validated by a series of experiments carried out on a
hardware prototype shown in Fig. 3. The hardware setup con-
sists of California Instrument MX30 regenerative grid simu-
lator as an input source, an L-filter, a lab-scale T-type rectifier,
Tektronix oscilloscope to obtain experiment results, Chroma
63084 programmable electrical load, and STM32H745 dual-
core controller to execute the control algorithm.

A. EXPERIMENTAL STEADY-STATE RESULTS

The first experiment was conducted assuming that all sys-
tem’s parameters are well known, including grid voltages,
grid resistance, grid inductance, load resistance, filter induc-
tance, and DC capacitors as shown in Table 2. Steady-state
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Hardware T-type rectifier module

FIGURE 3. Experimental setup for three-phase T-type rectifier.

experimental results are shown in Fig. 4 (a) and the THD
analysis is shown in Fig. 4(b). It is clear from the results that
the first control objective (i.e. a sinusoidal line current with a
unity power factor) is achieved. The THD of the line currents
value is 0.9% which is within the range of international
standards. The DC link voltage is 400V with almost zero
steady-state error and almost no ripples or oscillations.

TABLE 2. System and control parameters.

Symbol Value Symbol Value
Vabe 110 Vims L 1-5mH
R 50mQ Cc 1000uF
R 40-20Q v 350-400V
T 10us t 0.02s
f 10kHz ke 0.1

B. EXPERIMENTAL TRANSIENT RESULTS

The transient response of the controller was also validated.
A step reference signal was applied to the controller, the
initial value was 350V, and the final value was 400V. The
transient response is shown in Fig. 5. The response is fast and
smooth, with almost no overshoot in the DC link voltage nor
in the grid currents. It is evident that the DC voltage and grid’s
currents converge to the desired value within the desired time
(tr = 0.029).

Another experiment was conducted by increasing the load
suddenly, as shown in Fig. 6. The load was changed from
2.67 kW to 8 kW. This was done by changing the resistance
of the load from 40 to 20€2, while the reference voltage of the
dc-link was adjusted to 400V. Although the load has 100% of
sudden change, only a small voltage drop occurs in the DC
link voltage, which represents less than 2.5%. However, the
controller was fast and able to compensate the drop during
one cycle.
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FIGURE 4. Experimental results of the steady-state analysis. (a) Steady
state response. (b) Grid currents THD.
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FIGURE 5. Experimental results of transient response using the
well-known model.

40vdiv

[(I

10A/div

Vdc

;Z Ov'div 10ms div

FIGURE 6. Experimental results of the rectifier under 100% load change.

The current moved from the initial value to the final value
smoothly and immediately without any overshooting or oscil-
lation. This is thanks to the fast and adaptive response of the
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KFA, for which the difference in the load resistance is con-
sidered a disturbance. Then KFA estimates and compensates
its effect along with the other disturbances.
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FIGURE 7. Experimental results of the rectifier under grid voltage
measurement noise. (a) grid voltages (b) Noisy grid voltages
mesurements. (c) generated grid currents.

C. EXPERIMENTAL ANALYSIS OF SYSTEM UNCERTAINTIES
Industrial rectifiers are usually exposed to measurement
noises, especially those used for high power. To test the
adaptivity of the proposed controller against noises, a random
noise signal was added to the voltage measurement, as shown
in Fig.7. The generated noise has a maximum amplitude
450V representing about 50% of the measurement. This
noise is considered high, but it represents a good challenge
to prove the robustness of the controller against noise. The
noisy voltages were acquired using STMStudio software
because the noise was generated programmatically inside the
microcontroller and cannot be shown by the oscilloscope.
The resulted noisy measurements, the DC link voltage, and
grid currents are shown in Fig.7 (b) and (c). The figure
shows that the response is almost not affected, and the current
is kept smooth, sinusoidal, and has a unity power factor.
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The performance of the DC voltage tracking did not change
too, where the output DC voltage is constant, with no ripple,
and with zero steady-state error. Fig.8 shows the response of
the controller to a distorted input voltage. In this experiment,
a 7% fifth-order harmonic component and a 5% seventh-
order harmonic component are added to the grid voltages
as shown in Fig.8(b). Fig.8 shows that the DC link voltage
is almost not affected by the distorted input voltage. The
generated grid currents are still in phase with grid voltages,
the THD of the grid currents is increased to 3.4% as shown in
Fig.8 (c). However, the obtained THD is still within the range
of international standards.
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FIGURE 8. Experimental results of the rectifier under distorted grid
voltage. (a) Grid voltages, grid currents, and DC link voltage. (b) Input
voltage THD results. (c) Input current THD results.

The controller was validated under the condition of unbal-
anced grid voltage, as shown in Fig.9. The voltages of phases
were adjusted to 100«/5, 110«/§, and 120+/2 . Even if there
is a9.1% grid voltage unbalance, the grid currents are slightly
affected, the unbalance ratio between the currents is 2.72%.
At the same time, the power factor remains unaffected. The
ripple in the DC link voltage is slightly affected, where
the value of peak-to-peak ripple voltage (Vipp) is 7.53V
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FIGURE 9. Experimental results of the rectifier under unbalanced grid
voltage.

TABLE 3. System parameters and uncertainty percentage.

Symbol Value Uncertainty
R 200mQ 400%
R, 20Q 200%

L 5mH 500%

OSSR,

Vdc
é Ovdiv 10ms div

FIGURE 10. Steady-state response of the rectifier under high uncertainty.
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D

FIGURE 11. Transient response of the rectifier under severe uncertainty.

which represents 1.88% of the output voltage. However, the
obtained Vypp, is within the international standards.

The validity of the controller was ensured under normal
and abnormal conditions, where the system was exposed to
external noise, unbalanced grid voltage, and sudden load
change. However, the main purpose of this controller is to
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achieve the same results under high uncertainty conditions.
Therefore, a severe uncertainty is added to the model.

The uncertainty is achieved by changing the values of
the system’s components (inductance, capacitance, and load
resistance) without changing the gains of the controller. The
new parameters and uncertainty amount are shown in Table 3.
This high uncertainty level is considered because industrial
rectifiers may deal with a wide range of loads. Fig.10 shows
the steady state response of the proposed controller during
these conditions. It can be noticed that the the effects of the
uncertainties are compensated by the KFA, and the response
is almost not affected, even if a high range of uncertainty
is considered. The output voltage is well regulated with no
steady-state errors, and the power factor is maintained unity.
The robustness of the proposed controller has been achieved
to the adaptive and robust response of the KFA algorithm,
where all uncertainties are assumed as disturbances and com-
pensated by the first layer rapidally.

The transient response of the controller under a high range
of uncertainty is shown in Fig.11. The DC link voltage con-
verged smoothly and rapidly to the reference signal. It can
be noticed that the steady-state error is about zero, with
no overshoot and no voltage ripples. The grid currents are
changed from the initial value to the final value smoothly with
no overshoot.

This experiment ensures the validity and robustness of the
proposed controller under the effect of a high uncertainty
range. It is the evident that the controller is able to achieve the
required steady-state and transient behavior efficiently, even
when the uncertainty is severe.

D. SIMULATION COMPARISON STUDY

To prove the advantages of the ACT controller over the
existing, three studies are adopted for comparison. The first
one is the passivity-based control proposed in [25]. Passivity-
based control is selected for the comparison as it depends
on a single-loop control instead of the cascaded control. The
second one is a disturbance rejection control based on Hoo
controller proposed in [26]. The third is the SMC proposed
in [10]. Fig. 12 shows the simulation results for PBC, Hoo,
SMC, and ACT controllers, respectively. The comparison
study includes four stages of online changes as follows,

A. Steady state period (0.02s — 0.07s): the reference voltage
is set to 350V, load resistance is 40€2, and filter’s inductance
is ImH.

B. Transient period (0.07s — 0.12s): the reference voltage
is increased to 400V, load resistance is 402, and filter’s
inductance is 1mH.

C. Online load change (0.12s — 0.17s): the load resistance
is changed online from 40€2 to 202, the reference voltage is
400V, and filter’s inductance is 1mH.

D. Input filter parameters change (0.17s — 0.22s): the
inductance of the input filter is increased to SmH, the ref-
erence voltage is 400V, and the load resistance is 20$2

The first two periods aim to prove that all controllers
are well-designed and the parameters of PBC and Hoo are
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TABLE 4. Comparison results among controllers.

Controller PBC Heoo SMC ACT

Steady-state error High Low Low Low
Tuning process Simple Complex  Simple Simple
Current overshoot Low High High Low
Voltage overshoot Low Mid Mid Low
Control loops Single cascaded Cascaded Single
THD 0.8% 1.75% 1.1% 0.75%
Robustness to load . . .
change Low High High High
Robustness to . .
filter change High Low Low High

well calibrated for both transient and steady state periods.
The other two periods aim to compare the robustness of the
controllers against load and input filter’s inductance change.
The PBC and Hoo controllers were designed and tuned to
provide the best possible performance for the parameters
defined in the periods A and B. Then, the load resistance and
filter’s inductance are changed online without changing any
parameter in all controllers.

During the steady-state period, all controllers show excel-
lent response represented by a unity power factor, no ripples
in the DC link voltage, and low THD. However, the PBC
has a steady state error (11.4%) in the DC link voltage due
to the open-loop generation of the reference currents. In the
next period, the reference DC link voltage is stepped up from
350V to 400V. For PBC, the tracking error still exists in the
DC link voltage, and the transient time is larger than the
other controllers because the DC link voltage is not controlled
directly by the control law. The Hoo and SMC achieved fast
and accurate tracking for the reference signal. However, both
of them have high overshoot in both grid currents and DC
link voltage. The ACT shows excellent transient behavior,
where the tracking is done accurately and smoothly. When
the load is changed, all controllers compensate the effect
of the load step. However, the steady-state error vanishes for
the PBC when the load is changed to 20€2. Finally, when the
inductance of the input filter is changed online to SmH, the
response of the Hoo is deteriorated, the ripples in the DC
link voltage are noticeably increased, and the grid currents
become highly distorted. For the SMC, the chattering prob-
lem appears in the grid currents and becomes reflected on
the DC link voltage, where a high frequency ripple appears
on the DC link voltage and the grid currents deteriorated.
The PBC shows better performance against filter changes,
the DC link voltage is dropped (1.85%) for a while then it
is restored with some ripple at the steady state. The proposed
ACT shows excellent response for filter’s inductance change.
At the instant of change, the DC link voltage is dropped (less
than 1%) and compensated directly, while the grid currents
are almost not affected.

In summary, the PBC response shows that it is suitable
for a specific load (20€2), but a noticeable steady state error
appears for another load (40 €2). The response of Hoo and
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FIGURE 12. Simulation results during steady state, transient, sudden load change, and filter's parameters change (1) PBC (2) Hoo (3) SMC (4) ACT.

SMC is satisfactory with current and voltage overshoot for a
specific inductance of input filter (1 mH), but the response
is deteriorated for different inductance value (SmH) and the
chattering problem appears in the SMC. The proposed ACT
controller shows excellent response for steady state, transient,
load change, and filter’s inductance change. The Hoo and
the PBC can be re-tuned to obtain excellent response for the
new values, but they need to be re-tuned at each time when
the parameters are changed. In the proposed ACT, no need
to tune or change any variable regardless the amount of the
uncertainty as it will be compensated by the KFA. The results
of this comparison are shown in Table 4.

V. CONCLUSION
An adaptive controller for a three-phase three-level T-type
rectifier was proposed and analyzed in this paper. The pro-
posed controller consists of two layers; the first one is
responsible for compensating nonlinearities, uncertainties,
disturbances, and coupling effects between system’s states.
The second layer is a linear controller that is responsible for
controlling both DC link voltage and grid currents.

The proposed controller showed an adaptive, robust, fast,
accurate, and smooth response. It was proved in the paper
that the proposed controller could effectively deal with high
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measurement noise, high uncertainties, and high distur-
bances, including a 100% sudden load change, unbalanced

grid

voltages, distorted input voltage, and severe parameter

change.
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