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This paper proposes an adaptive vector control strategy for a photovoltaic
(PV)-fed induction motor using a boost split-source inverter (BSSI). Unlike
conventional PV conversion systems, the proposed topology combines
voltage boosting and DC-AC conversion in a single stage, reducing
component count, switching losses, and overall system complexity. In
addition, the system operates without a maximum power point tracking
(MPPT) algorithm, simplifying the control structure while maintaining
stable operation under varying environmental conditions. The proposed
control approach integrates sliding mode control (SMC) for robust DC-bus
voltage regulation and an adaptive proportional-integral (API) speed
controller based on Lie derivative theory for online tuning of controller gains
according to the speed tracking error. An active DC-link protection
mechanism is also introduced to prevent overvoltage during transient
conditions. The main contribution of this paper lies in the combination of the
BSSI topology with a hybrid adaptive control framework to improve
robustness, dynamic performance, and system reliability under irradiance,
temperature, and load variations. Simulation and experimental results
demonstrate fast dynamic response, reduced speed and voltage oscillations,
accurate speed tracking, and superior performance compared with
conventional vector control methods.
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1. INTRODUCTION

Photowvoltaic (PV) systems have experienced rapid development due to the global transition toward
renewable energy sources and the need to reduce dependence on fossil fuels. The integration of solar energy
into electrical power systems requires efficient and robust energy conversion solutions, capable of ensuring
both DC-bus stability and the reliability of supplied loads. In this context, the use of inverters for supplying
electrical machines, such as the boost split-source inverter (BSSI), combined with robust control strategies,
represents a promising approach to improve the overall performance of PV chains.

In this context, the Z-source inverter (ZSI) proposed by Peng [1] was adopted to minimize the
number of conversion stages, provide buck-boost functionality, and reduce the overall number of
components. However, achieving shoot-through states requires additional switching actions, slightly
increasing the complexity of the control strategy. Recently, a single-stage three-phase boost inverter
topology, known as the split-source inverter (SSI), was introduced by Lee and Heng [2]. This topology
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simplifies the simultaneous control of the DC-bus voltage and the AC output within a single-stage structure,
while avoiding undesired high-frequency switching and enabling a wide AC voltage range in both buck and
boost modes. In the proposed configuration, an inductor is connected to two metal-oxide-semiconductor
field-effect transistors (MOSFETS) operating at the fundamental frequency to elevate the input voltage to the
DC-bus, while a hybrid quasi-sinusoidal and constant duty-cycle modulation simultaneously controls
inductor charging and AC voltage generation. To overcome the limitations of the classical SSI, Yin et al. [3]
proposed a modified split-source inverter (MSSI) capable of performing dual power decoupling, utilizing
both DC- and AC-side capacitors to divert second-order ripples, which is particularly important for
photovoltaic or other ripple-sensitive sources.

Moreover, Abd-Elaziz et al. [4] demonstrated that SSls are promising candidates for high-gain
single-stage DC-AC converters, suitable for interfacing PV modules with electrical grids and AC loads,
using a finite control set model predictive control (FCS-MPC) strategy without pulse-width modulation.
Kumar and Sensarma [5] highlight the need for buck-boost inverters when the source voltage is low relative
to the AC output voltage, a common requirement in solar micro-inverters. In Miyani et al. [6], a discrete-time
sliding mode (DTSM) regulator was proposed for regulating the DC-bus voltage of a quasi-Z-source inverter
(g-ZS1) in a three-phase grid-connected PV system. The DC-bus voltage of the g-ZSI exhibits non-minimum
phase behavior, complicating controller design. The DTSM controller is implemented in a dual-loop
architecture, regulating the DC voltage in the outer loop and the inductor current in the inner loop, with the
shoot-through duty ratio determined by the inner loop. Borges and Grigoletto [7] demonstrated the
effectiveness of DTSM for a three-phase grid-connected g-ZSl, ensuring robustness and grid compliance
despite the non-minimum phase behavior of the DC-link voltage. In Dabour et al. [8], the SSI concept was
extended with quadratic boost SSI (QBI/SBI) topologies, using an additional inductor, capacitor, and two
diodes to square the boosting factor of the SSI. A closed-loop control strategy, combined with modified space
vector modulation (MSVM), was used to reduce input current ripples.

Mahmmoud et al. [9] present an integrated daytime solar system designed to supply a three-phase
induction motor, with the PV array directly feeding a SSI. The incremental conductance (INC) method was
employed for maximum power point tracking (MPPT). Building on this work, Sabrié et al. [10] proposed a SSI-
derived topology, named B-ASSI, aiming to improve DC voltage utilization while retaining the structural
advantages of the SSI. Furthermore, Dabour et al. [11] introduced an indirect field-oriented control (IFOC)
for a five-phase induction motor supplied by a SSI. Wageh et al. [12] propose a normalized space vector
modulation (SVPWM) technique for a four-switch three-phase voltage source inverter (FSTP-VSI), capable
of maintaining satisfactory performance even in the presence of voltage fluctuations, using stator voltages in
the stationary reference frame. Moreover, Ibrahim et al. [13] investigate the design, analytical modeling, and
experimental validation of a SSI topology intended for high-gain DC-AC power conversion with reduced
power losses. The authors introduce an advanced control strategy based on space vector modulation (SVM),
which enables the generation of near-sinusoidal output voltages with low harmonic distortion. Abdulhussein
and Gin [14] proposed a three-phase buck—-BSSI for the integration of low-voltage renewable energy
sources, such as photovoltaic systems and fuel cells, into medium-voltage AC grids. The proposed topology
enhances the voltage boosting capability while reducing the voltage stress across the power switches.

In Monjo et al. [15], a comprehensive stability assessment of grid-connected photovoltaic systems
employing a quasi-Z-source inverter (g-ZSI) was presented. The authors developed detailed dynamic models
to investigate the interactions between the converter and the electrical network under transient operating
conditions. Their analysis identified several factors that may compromise system stability and highlighted
suitable control and design measures to improve damping characteristics and maintain stable grid integration.
In Abd-Elaziz et al. [16], a stand-alone photovoltaic power generation system integrating a SSI and a battery
energy storage unit was developed to improve the reliability of off-grid electrification applications. The
proposed architecture eliminates the need for a separate DC-DC conversion stage, thereby reducing system
complexity, size, and implementation cost. Furthermore, a detailed small-signal dynamic model was
established to facilitate controller design and stability assessment. In Lotfy et al. [17], an advanced high-gain
variant of the SSI was presented to overcome the limited voltage boosting capability of conventional single-
stage inverter structures. The proposed topology incorporates a dedicated voltage-enhancement network
based on passive energy-storage elements, allowing a significant increase in the conversion ratio while
preserving the simplicity of the overall system. To further improve performance, an independent current
regulation scheme was developed, enabling separate control of the source-side and load-side currents.
Moreover, an adapted space vector modulation method was employed to achieve smoother current
waveforms and better switching behavior.

In this context, conventional PV-fed induction motor systems generally rely on multi-stage power
conversion structures associated with MPPT algorithms to regulate the photovoltaic energy flow and ensure
stable motor operation. However, these approaches increase the overall system complexity, switching losses,
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and implementation cost.To address these limitations, this paper proposes a single-stage BSSI-based
architecture that simultaneously performs voltage boosting and DC—AC conversion without requiring an
MPPT algorithm. In addition, an innovative vector control strategy for the induction motor is developed to
ensure precise speed regulation and robust operation under varying environmental and load conditions. The
proposed approach combines robust DC-link regulation with adaptive speed control, enhancing system
reliability while reducing control complexity. Furthermore, a DC-bus protection mechanism is implemented
to improve the safety and stability of the owverall PV conversion chain. Table 1 summarizes the most
commonly used inverter topologies in PV-fed motor drive systems, highlighting their control strategies,
advantages, and limitations

The paper is organized as follows: section 1 presents the introduction, including the background,
motivation, and a review of relevant literature on PV-driven motor systems and inverter topologies. Section 2
presents the general configuration of the control strategy for IM-BSSI in PV chain. Section 3 focuses on the
modified vector control strategy of IM-BSSI, explaining the implementation of the SMC and adaptive
proportional-integral (AP1) controller. Section 4 introduces the protection scheme for the DC-bus. Section 5
presents the simulation and experimental results, demonstrating the effectiveness, robustness, and
performance of the proposed approach. The paper concludes with Section 6, summarizing the main outcomes
and highlighting the contributions.

Table 1. Comparative table summarizing inverter topologies, control strategies, and limitations
Inverter topology Control strategy Main advantages Limitations
Requires DC-DC stage for PV
adaptation, strong dependence

Conventional VSI  SPWM/SVPWM + MppT ~ Simple and mature structure, high

efficiency on MPPT
PV + Boost converter Effective PV power extraction, Multi-stage architecture,
+VSI MPPT +PWM control stabilized DC-link voltage increased control complexity
Z-source inverter Shoot-through control + Integrated voltage boost without DC-  Output current ripple, complex
(zslI) PWM DC converter, flexible operation control design
Quasi-Z-source Improved shoot-through Reduced input current stress, NO“‘m'“'m”f.“ phase .
. - A behavior, challenging dynamic
inverter (q-ZSI) control improved continuity
response
Proposed system (PV Robust control (PI/RST or Reduced system complexity, . . .
. . . - Requires precise tuning and
+ integrated boost + equivalent), no separate integrated conversion stages, exnerimental validation
robust control) MPPT stage improved robustness P

2. GENERAL CONFIGURATION OF THE CONTROL STRATEGY FOR IM-BSSI IN PV
CHAIN
Figure 1 depicts the architecture of the proposed photovoltaic-based system intended for driving a
three-phase induction motor. The configuration integrates a photovoltaic generator with an induction motor—
BSSI, forming a compact and efficient energy conversion structure. All subsystems are electrically coupled
and controlled through a robust hybrid control scheme that combines sliding mode control (SMC) with an
adaptive controller formulated using Lie derivative-based design.

3, 5. 5.

5105,
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Control system of P¥-B5SI- Induction Motor Unit |
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Lipw

Figure 1. New design configuration of the photovoltaic chain
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This unified control framework enables simultaneous voltage boosting of the photovoltaic output,
DC-AC power conversion via the inverter stage, and precise regulation of the induction motor drive.
Furthermore, a dedicated protection strategy is incorporated to mitigate DC-link owvervoltage conditions,
thereby enhancing the operational safety and reliability of the owverall system. The subsequent sections
present a detailed modeling, control design, and analysis of each component within the proposed
configuration

2.1. Mathematical model of the PV

To thoroughly analyze the operation of the proposed system, it is essential to conduct a detailed
study of the energy source, namely the photovoltaic panel. Therefore, we begin with its mathematical
modeling. Figure 2 shows the equivalent circuit diagram of a photovoltaic cell [18], [19].

I,

R, I
AAA/\_’_Q +

\ Ip
G) R, U

QO —

Figure 2. Equivalent circuit diagram of a photovoltaic cell

According to the equivalent circuit shown in Figure 2, the output current of the cell is given by:
I=5L,—1I, -1, (1)

The photocurrent I,,, mainly depends on two parameters: solar irradiance and temperature, and is given by:

G
Lpn = Ipn-stc Gsto (1 + ki (T — Tsrc)) 2
where G is the solar irradiation measured, Gy is the solar irradiation in standard conditions (1 kW /m?),
Tsrc is the temperature under standard test conditions (298.15 K), k; is the current coefficient.

The diode current I, is expressed according to its current—voltage characteristic and is given by:

®

q(U+RgI)
ID = 10 (e akT — 1)

where R, is the equivalent series resistance of the photocell (Q). T is the real temperature of the p-n junction
(K). a is the ideality constant of the diode. k is the Boltzmann constant (1.38.10723 J/K), and q is the
electron charge (1.602.10771° C).

The current 1, is derived by applying Kirchhoff’s current law:

_ U+Rslp
Ip - Rp (4)

where R,, is the equivalent parallel resistance (€2).
For a panel consisting of N, series cells and N,, parallel cells, the output current can be determined

by:
. q("*S(z%)’) U+Rs(11\\,’—;).ID
I = Iph—STCa (1+kAT)—Io| e okTNs  —1 |— W ©)
(s

Based on the mathematical model (5), the current—voltage and power—voltage characteristics of the
solar panel can be described through simulation using MATLAB. Table 2 presents the values of the panel’s
various parameters extracted from the MATLAB library (from the: Solar World SW165 mono software).
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Table 2. Values of the panel’s various parameters
pm Ipm Pmax,m Isc Uco,n Ipu,n a Rp Rs kv ki Ns

3BV 4.71A 164.85 W 525A 435V 527 A 1.021 125 Q 0.628 Q 0.39V/K 0.03A/K 72

The simulation results of the developed model are presented in Figures 3 and 4. Figure 3 highlights
the current-voltage characteristic (I = f(V)), while Figure 4 illustrates the power-voltage characteristic (P =
f(V)). These curves provide insight into the electrical behavior of the photovoltaic panel under various solar
irradiation (0.1 kW /m? to 1 kW /m?). The current-voltage in Figure 3 shows the effect of solar irradiation
variation on the current for a given voltage. Indeed, an increase in irradiation leads to a significant rise in the
generated current, while a decrease results in a lower current value. A similar observation can be made for
the power-voltage characteristic as shown in Figure 4. An increase in solar irradiation results in a higher
maximum power output from the module, while a decrease in irradiation leads to reduced power generation.
Figure 5 illustrates the effect of temperature on the power output of the panel. It is observed that as the
temperature increases, the maximum power decreases, highlighting the negative impact of temperature on the
performance of the photovoltaic module. These results confirm the strong dependence of photovoltaic panel
performance on solar irradiance and temperature conditions.

The operation of the proposed BSSI system is structured around two fundamental phases: the coil
charging phase and the discharging phase. During the charging stage, energy is stored in the inductor through
the controlled activation of the power switches. In the discharging stage, this stored energy is subsequently
transferred to the load or to the next stage of the converter, ensuring efficient and stable power conversion.
These two tightly synchronized phases are essential for achieving high performance, optimal efficiency, and
robust dynamic behavior of the BSSI.
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Figure 3. 1-V characteristics for different solar irradiation values of the solar world PV module
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Figure 4. P-V characteristics for different solar irradiation values of the solar world PV module
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Figure 5. P-V characteristics for different ambient temperature values of the solar world PV module
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Figure 6. Boost split source inverter topology

2.2.1. Phase 1: inductor charging

As shown in Figure 7, the appropriate bridge switch is activated so that the input source is connected
to the inductive branch. Energy is thereby stored in the inductor L,,,, while the DC-link capacitor contributes
to maintaining the output voltage.

The voltage at the DC-side output is zero due to the short-circuit condition. In this mode, diode D; is
conducting, as illustrated in Figure 7. Consequently, the inductor L,, is charged. By applying Kirchhoff’s
Voltage Law under steady-state conditions, the expressions of the charging current and voltage can be
derived:

pv

( Vva = Upy
Lipy = lpv ~ lcp,
du
. _ pv
Lepy = Cov =5 (6)
. dudc
i =,  —&c
dc nv g,
dipy _ Upy
at  Lpy

By taking the inductor current i1y and the capacitor voltage u,,. as the state variables, the state vector can be

defined as: x(¢t) = [i,, Uac]”, The input and output variables are defined by: u(t) = [Upy lac]” , the (6)
can be write:

X =Agpx + Bou )
1

00 Lpy
where: A, = [0 0] , B, = g

1

Cinv
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Figure 7. Inductive charging stage

2.2.2. Phase 2: inductor discharging and conversion

During this phase, the energy stored in the inductor is transferred to the DC-bus and delivered to the
inverter bridge. The combined action of L,, discharging and the capacitor C;,, ensures voltage boosting
(boost mode) as shown in Figure 8.

greis

Photowoltaic IWlodule

Idie

Figure 8. Inductive discharging phase
During this stage, the following relationships are obtained as a function of the discharging duty
cycle, defined as D, = 1 — D,;,. By applying Kirchhoff’s Voltage Law, we obtain:
VLp,, = Upy — Uge (8)

The volt-second balance (over one switching period) is given by:

Dch VLp,, + Ddis (upv - udc) =0 (9)
Therefore:
u
udc = Kp:‘ (10)

The current balance is given by:

idc = Ddisin,, (11)
The (9-10) can be rewritten as:
5C = Adisx + Bdisu, (12)
0 = ~ 0
where: Ay = Lpv| , Byis = |"pv
0 1 0 _va

Adaptive vector control of PV-fed induction motor using boost split-source inverter ... (Romaissa Hamdi)



46 a ISSN: 2502-4752

Inductor current ripple during charging and discharging:

. _ Ddis(upv_udc) T
le,, . L N
dis PV
oo (13)
. h
Ai, =T
PVlch Lpv

At steady state, we are: Ainv| ~ Ay,
dis

ch
Capacitor current is given by:
i =i, 14
Cpv dis pv ‘dc ( )
. . . 1 .
Thus, capacitor current ripple is: Ave = —i. Dy T
PV Cpy PV

2.2.3. Validity of the modeling approach

The state-space models are based on switched operating modes and used in an averaged framework.
The validity relies on the assumption that the switching frequency is much higher than system dynamics
(fsw > fsysteme)- Under this condition, state variables vary slowly compared to switching period and ripple
remains small. This approximation is valid under: continuous conduction mode (CCM), high switching
frequency relative to L,, and C,,time constants, and negligible ripple. These assumptions justify the
averaged model for control design.

With: fo, = 720 foysteme = 5o
2.2.4. Determination of boosting factor and AC voltage gain
To simplify the calculation of the BSSI gains, it is assumed that all voltage drops across the three-
phase inverter switches, as well as those across the inductors, capacitors, and diodes, are negligible.
a. Boosting factor B
Simply, the boosting factor B is defined as the ratio of the DC-link voltage to the PV voltage:

Using the Volt-second balance defined by (10), we obtain:

B=—=— (15)

Dgis  1-Dcn

b. AC gains relative

The AC voltage gain is defined as the ratio between the AC output voltage and the DC voltage
supplied by the PV source. In this work, a conventional sinusoidal PWM modulation scheme is employed.
We define u,, as the fundamental phase-to-neutral amplitude and u,, as the line-to-line RMS voltage are
given by the following equations. The fundamental phase-to-neutral amplitude:

Udc B.upy
Uy, =m—=2=m 16
ph 2 242 ( )

Therefore, AC voltage gain between w,,, and u,, is given by:

—Mdc _ o B
Gph - upy - mz\/i (17)

The line-to-line RMS wvoltage:

Uy, = @.m% (18)

Therefore, AC voltage gain between u;; and u,, is given by:

G, = \Emg (19)
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2.3. Induction motor model

The analysis and control of induction machines generally rely on their modeling in a rotating
reference frame. This approach converts the original three-phase, time-varying quantities into steady or
slowly varying variables, which greatly simplifies the study of the dynamic behavior as well as the design of
control laws. In this work, the induction machine model is expressed in the flux-oriented dgq rotating
reference frame. This formulation highlights the internal electromagnetic interactions and facilitates the
separation between the active and reactive components [20]-[22]. The electrical dynamics of the induction
motor are expressed as:

digy R . , M (1 )
— =——1 w,l — | = w
dt olg sd + stsq + oLsLy \T, Pra + (prq
1
+ e Ve
disg _ R . , M (1 )
dt olLg lsq — Wslsq + oLgLy \T, Prq — OPrq
+2v @0)
olg sq
d(prd M . 1
— = —lgqg — — w, — W
dt T, sd T, Pra + ( s )(prq
d(Prq _ M . 1
PTE T_rlsq - T_rtprq - (ws - w)(prd

2 2
where =R, + R, , R=1-21— T, =%
Ly Ry

rls

The electromagnetic torque T, can be expressed as:

__3pM

Ce 2 Ly ((prdisq - (prqisd) (21)
Thus, the mechanical speed dynamics Q of the machine can be expressed as:

aq 1
!

=7 G~ G+ f) (22)

3.  ADAPTIVE VECTOR CONTROL OF IM-BSSI

Field-oriented control (FOC) remains a benchmark technique for high-performance control of
induction machines, owing to its capability to achieve an effective decoupling between flux and torque
components. Nevertheless, its direct application to integrated energy conversion systems such as the
induction motor—BSSI is not straightforward. In such configurations, the presence of strong nonlinearities,
coupling effects, and converter-induced constraints significantly degrades the performance of conventional
FOC schemes, particularly under parameter uncertainties and external disturbances. To overcome these
limitations, an adaptive vector control framework is proposed. The core idea consists in redefining the
control input by incorporating a hybrid control structure that synergistically combines two advanced control
strategies. First, a SMC law is employed to regulate the DC-link voltage, ensuring robustness against
disturbances and model uncertainties. Second, the speed control loop is governed by an adaptive PI controller
designed using Lie derivative-based feedback linearization, allowing for an explicit compensation of system
nonlinearities and an online adjustment of controller gains. The complete structure of the proposed adaptive
vector control scheme is depicted in Figure 9. Where the interaction between the inner current loops, the DC-
link regulation, and the adaptive speed control loop is clearly illustrated.

3.1. SMC of DC-bus voltage
By combining systems (7) and (12), the complete DC-link voltage model is obtained:

Xx=Ax+Bu (23)
With A= (1 - DCh)AdiS and B = DChBCh + (1 - DCh)BdiS

Therefore, the state-space model can be written as:

Adaptive vector control of PV-fed induction motor using boost split-source inverter ... (Romaissa Hamdi)
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Figure 9. Proposed adaptive vector control scheme for the IM—BSSI system integrating sliding mode DC-link
regulation and adaptive PI speed control based on feedback linearization

The state-space model in (24) represents the model of one phase of three phases BSSI. The SMC is
based on defining a sliding surface S and designing a control law that forces the system to remain on this
surface. From model (24), the state errors are defined as:

e =i —i

PV pv

{ _ o (25)
€ = Uge — Uge

To guarantee the asymptotic convergence of the error dynamics to the origin, an appropriate sliding surface
for the DC-link is defined as:

S =MNe + e, (26)

where 1, , A, are the positive weighting coefficients.
After substituting the analytical forms of e; and e,, the sliding surface can be reformulated as
follows in vector notation:

S=CTx—1r(t) 27

where: CT = [, 4,],7(t) = My, + AUge, x = [,y Uac]”

Indonesian J Elec Eng & Comp Sci, Vol. 43, No. 1, July 2026: 39-62



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 49

By differentiating, we obtain:
S =C"% —7(t) = CT(ADx + BD yu) — 7(t) (28)

. —(1—D ) 1 1 . .
Hence, S =1, (—L—Chudc> + Luge + A4 o Upw + 2, (Dch (Cp,, + —) - Cp,,) ige — T(t)

pv Ciny

By rearranging the above expression, we obtain:

S = a(x,u) + b(x,u)D,, — 7(t) (29)
where:

alx,u) = -4, iudc + Auy. + 44 iuw = :Cpplac

1 1 .
b(x,u) =, L;Tvudc + 1, (va + E) igc

The objective is to drive the surface dynamics toward zero, i.e. S = 0. To achieve this goal, solving
(29) yields the equivalent control law:

_ r(®)-alxu)
Dcheq - b (x,u) (30)

Since the control strategy is based on sliding mode theory, a switching term ksign(S) is added to ensure that
the system trajectories remain on the sliding surface, and the control law (30) becomes:

r(t)—a(x,u)

Den ==

— ksign(S) (31)

The proposed control law U, in proposed FOC of IM-BSSI can be expressed as follows:
Ug = DcpUsq (32)

where U,,is the direct-axis voltage command generated by the conventional FOC scheme, and D,,is the
shoot-through duty cycle produced by the SMC of the BSSI converter.

The multiplication by D., allows the direct-axis control signal to be dynamically adjusted
according to the operating conditions of the DC-DC conversion stage. This formulation reflects the
interaction between the motor drive and the photovoltaic power-conditioning system. While the FOC
algorithm determines the voltage reference required to regulate the rotor flux and ensure decoupled control of
the induction motor, the SMC-based BSSI controller regulates the converter operation and the DC-link
voltage through the shoot-through duty cycle. Consequently, the resulting control signal U;combines the
advantages of both control strategies, preserving the dynamic performance of the vector control while
enhancing system robustness against irradiance variations, parameter uncertainties, and load disturbances.
Therefore, the (32) represents an adaptive correction of the conventional FOC voltage command by the
SMC-generated duty cycle, ensuring coordinated operation between the induction motor drive and the BSSI
converter.

3.1.1. Stability analysis
The stability of the SMC system is investigated using a suitable Lyapunov function. By considering
the candidate function:

V= §52 (33)
The stability condition is satisfied if its time derivative fulfills:

V =85S = S(a(x,u) + b(x,u) (% - ksign(S)) —-7(t)) <0 (34

After calculation, we obtain:

V = —K.b(x,u).S.sign(S) (35)
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For any strictly positive control gain K, the evaluated expression (36) remains strictly negative.
Consequently, the Lyapunov stability condition is satisfied, which guarantees that the selected sliding surface
is asymptotically stable.

3.2. Speed control by adaptive PI controller

To ensure high-performance speed regulation under nonlinear operating conditions, an adaptive
proportional—integral (PI) control strategy grounded in the Lie derivative framework is developed. The
proposed approach leverages input—output feedback linearization to reshape the inherently nonlinear
dynamics into a tractable quasi-linear representation, thereby facilitating systematic controller synthesis. In
this context, the control input w(t) is decomposed into a model-based compensation term and an adaptive P
correction component, expressed as:

u(t) = uy(t) + Kye + K; ffo edt (36)
The feedforward term w,, (t), derived from the nonlinear model, is given by:

- 27:_ .Lj h
wy (t) = Zay=ontyjpt 37)

angL;‘lh

where Llfh and th‘lh denote successive Lie derivatives of the output function, and n; (j =0..r ) are
constant design coefficients ensuring appropriate dynamic shaping. This term effectively cancels the
dominant nonlinearities and enforces a desired input—output behavior [23]. To enhance robustness against
parameter uncertainties and external disturbances, the Pl gains are not fixed but dynamically adapted online
according to the instantaneous tracking error e = (xref - x), defined as the deviation between the reference
and actual motor speeds. The overall architecture of the proposed speed control scheme is depicted in Figure 10.

Figure 10. Speed control scheme

3.2.1. API modeling
The considered mechanical subsystem is described by:

a _f
at  J

Q+5(C.~C) (38)
The system can be rewritten in the standard nonlinear state-space form:

x=f(x)+g).uandy = Q = h(x)
where x = Q denotes the state variable, with: g(x) = % and f(x) = fﬂ —}C,

3.2.2. Feedback linearization and control law
In this case, the system exhibits a relative degree r = 1, leading to:

Q= Leh(x) + Lyh(x)u (39)

where Leh(x) = 52 f (x) = fn - } Ciy Lyh(x) =52 g(x) = }

Thus, the system dynamics become:
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Qz(fﬂ—}q)+}u (40)
By selecting the control law:

u=]J (v — th(x)) (41)
The closed-loop system reduces to a fully linear form:

Q=v (42)
To achieve the desired tracking performance, the auxiliary control input v is chosen as:

v =0 +Kye +K; f,fo edt (43)
Consequently, the overall control law is obtained as:

u= []Qref+ K,Je + K, f; edt— (fQ— Cl)] (44)

3.2.3. Adaptive gain design via Lyapunov stability
The error dynamics can be written as:

é =Qref_ Q= _er_Kif:OEdt
Let: = f;edt,yielding:

{e = —.er — Kix (45)
X =e
To ensure closed-loop stability, the following Lyapunov candidate function is considered:
1 1 1 2 1
V==-e?+x’ +%(Kp—1<po) +z_/1i(K"_K"°)2 (46)
where 4,, and 4; are positive adaptation gains, K,,, and K;, are unknown initial parameters. The time
derivative of (46) leads to:
. . 1 .
V=—Kye®—Kex+ex+ ikp(xp = Kprer) + 3 Ki(Ki = Kirey) @7)
By selecting the following adaptation laws:
K, = A,e?
{ P e (48)
Ki = Aix. e
K, =2, [e*dt (49)
Ki =/’{ifx.edt (50)

The Lyapunov derivative simplifies to: V = -K,e*<0
Thus, the stability of the error dynamics is guaranteed in the sense of Lyapunov. Prior to adaptation,

Zfa)n—Lf m%

and K;p =2,

the initial gains are selected based on the desired closed-loop dynamics: K, = p
g g

where: w,, is the desired natural frequency, ¢ is the damping ratio.
To prevent parameter drift and ensure boundedness of the adaptive gains, saturation functions are
introduced. Finally, the adaptive gains are updated as:

K, = Ky, + 4, [ e*dt + sat(K,) (51)

K; = Kio + 2; [ xedt + sat(K;) (52)
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The overall structure of the proposed adaptive controller is illustrated in Figure 11.

T K; u
e —T> = Eq 52 Sat (K,) —»|+ | —> /] —*
K,
Eq 51 Sat (K,)
Q >

Figure 11. Structure of the proposed adaptive controller

3.2.4. Controller parameter tuning procedure

To achieve satisfactory performance of the proposed control strategy for a photovoltaic (PV)-fed
induction motor using a BSSI. An appropriate selection of the SMC and API controller parameters is essential.
Since the owverall system exhibits nonlinear dynamics and strong coupling between control loops, an
analytical tuning approach alone is not sufficient. Therefore, a heuristic, simulation-based tuning procedure is
employed to systematically adjust the controller gains in order to ensure stability, fast dynamic response, and
robust operation under varying conditions. The corresponding tuning procedure is summarized in the Figure 12.

Combine SMC+

Adaptive Fl output

1

PW M Generation

Initialization

(B33
Measure system variables (],
i currents, DC-bus voltage (U.)
Update system
states l
Generate reference speed Q7
v l
Feedback loop to
measurement Compute errore=0"— 0
CONTROL BELOCK

A

EMC Controller (Outer Loop)
o Shding surface s

o Control law

!
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s Cain adaptation (Kp, Ki)

I
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Figure 12. Flowchart of corresponding tuning procedure
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4. PROTECTION SYSTEM

The protection scheme is implemented using two hysteresis relays (relay 1 and relay 2), in Figure 13.
These relays are responsible for generating the control signals applied to the power switches S1 and S2,
respectively, thereby ensuring reliable supervision of the system operating conditions [24]. The relay-3 is
designed to activate the dissipative resistor connected to the DC-bus when the bus voltage u . _max = 480V
exceeds the maximum threshold specified by the IM-BSSI system. This operating condition corresponds to an
excess of energy supplied by the panel. Conversely, when the DC-bus voltage falls below the predefined lower
threshold of u,._,,in = 350V, the dissipative resistor is automatically disconnected, contributing to effective
DC-bus voltage regulation and system stability. The relay 4 provides an additional safety mechanism by
disconnecting the IM-BSSI system from the DC-bus in the event of critical faults, such as short circuits
occurring within the BSSI, the motor, or other abnormalities that may adversely affect system performance.
This protective action prevents potential damage to key components, particularly the panel and the DC-DC
boost converter, and ensures safe and robust operation of the overall system. The flowchart presented in Figure
14 provides a visual representation of the decision-making procedure for controlling the activation and
deactivation of the dissipative resistor (S1) and the load (S2). The control logic is based on the measured bus
voltage and current, incorporating a hysteresis mechanism to ensure reliable protection of the system.

Relay 1
|
i = = b S
de emp| =
= mes
S
&
<
°
1 .
|
ldc =l 3
A
Relay 2

Figure 13. Protection system

Relay 1

5, =0
Load: OFF

5y =1
Load: ON

| output: §, and §. l

Figure 14. Flowchart: DC-bus protection system for IM-BSSI using hysteresis relays
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5. SIMULATION AND EXPERIMENTAL RESULTS

Recent works have demonstrated the effectiveness of adaptive P1 and intelligent control strategies in
PV systems under uncertain conditions [25]-[28]. These results support the robustness of the proposed API-
based method presented in this study. The performance of the proposed control strategy for the PV-fed IM—
BSSI system is assessed through both simulation studies and experimental investigations. Initially, numerical
simulations are carried out using MATLAB/Simulink to evaluate the feasibility and to analyze the dynamic
behavior of the overall system. Subsequently, experimental tests are performed on the developed test bench
in order to validate the practical implementation of the proposed approach and to demonstrate its real-time
applicability. Figure 15 depicts the experimental setup implemented at the LTI Laboratory (Laboratoire des
Technologies Innovantes, EA 3899), Institute of Technology, University of Soissons, France, which is
recognized for its expertise in control and energy systems integration. The test bench mainly consists of a 3
kW photovoltaic (PV) generator used as the primary energy source, along with voltage and current sensors
for measuring electrical variables at different points of the system, with real-time visualization via an
oscilloscope. In addition, the setup includes a 1.5 kW induction motor, completing the experimental platform
for system validation.

The electrical parameters of the induction motor adopted in the simulations are R, = 5.72Q , R, =
420, Ly = 0.462H , L, = 0.462H, M = 0.4402H, J= 0.0049Kg.m?, f = 0.001 N.m. s/rad. Figure 16
illustrates the experimental result of the total harmonic distortion (THD) analysis demonstrates the
effectiveness of the proposed control approach for the photovoltaic-powered IM-BSSI system. The
conventional PI regulator exhibits pronounced THD peaks, mainly due to its fixed parameter structure, which
is inadequate for handling the system’s transient dynamics. In contrast, the adaptive PI controller
significantly mitigates harmonic distortion by continuously tuning its gains in response to operating
conditions. This adaptive behavior enables a smoother dynamic response and limits the generation of
harmonic components. Consequently, the proposed hybrid control scheme achieves a substantial reduction in
THD while enhancing the quality of the stator currents in both transient and steady-state regimes.

Figure 15. Experimental test bench in the LTI Laboratory
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Figure 16. Temporal evolution of the THD
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The profiles illustrated in Figures 17 and 18 represent the temporal evolution of solar irradiance and
temperature, respectively, and are considered solely within the simulation test. The irradiance exhibits rapid
transitions [1000 800 500 1000 800] W/m?, while the temperature rises from 25°C to 50°C before decreasing
to nearly 5°C. Such pronounced variations are intentionally introduced to emulate harsh environmental
conditions and to rigorously assess the robustness of the proposed control strategy.

~ 1000

800 /

500

irradiance (lem2

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 17. Variations in irradiance G
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Figure 18. Variations in temperature

Figures 19 and 20 show the speed response from simulations and experiments. The classical Pl
controller exhibits significant overshoot, oscillations, and slow settling due to its fixed gains being unsuitable
for the nonlinear IM-BSSI dynamics. In contrast, the adaptive PI (based on the Lie derivative) achieves
faster tracking with reduced overshoot and better damping. This performance gap is more pronounced
experimentally, where noise, parametric uncertainties, and unmodeled dynamics exacerbate oscillations in
the classical PI. The application of a load at t = 2 s highlights the adaptive PI’s robustness: it maintains a
smoother response and quickly restores reference speed, whereas the classical Pl experiences large
fluctuations. The SMC of the DC-bus further enhances performance by managing current demands during

nonlinear transients. The proposed strategy thus ensures stable, high-performance operation in both
simulation and real conditions.
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Figure 19. Speed characteristic (simulation)
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Figures 21 and 22 illustrate the electromagnetic torque response under both simulation and
experimental conditions. During the intervals t = [0.3-1 s], [4-5 s], [5.5-6 s], and [9-9.5 s], non-zero torque
values are observed even at no load, mainly due to friction effects and transient acceleration/deceleration
phases. In both cases, the conventional PI controller exhibits slower disturbance rejection compared to the
adaptive P1 strategy. This results in more pronounced deviations and longer recovery times. In contrast, the
adaptive Pl ensures faster compensation and smoother torque behavior, thereby demonstrating improved
robustness and superior dynamic performance.
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Figure 20. Speed characteristic (experimental)
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Figure 22. Torque characteristic (experimental)

Figures 23 and 24 respectively present the evolution of the DC-bus voltage u,. under simulation
and experimental conditions. In the simulation results, the dynamic behavior of u,. accurately reflects the
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influence of temperature and solar irradiance variations applied at the input of the photovoltaic generator,
thereby highlighting the system sensitivity to environmental disturbances. In contrast, during experimental
tests, the DC-bus voltage remains nearly constant, which can be attributed to the absence of variations in
environmental conditions, particularly temperature and irradiance levels, which are maintained stable
throughout the experiments.

Furthermore, Figures 25 and 26 depict the profiles of the photovoltaic voltage up,, in both cases. A
clear amplification of the PV voltage can be observed, demonstrating the effective operation of the boost
converter (180 to 540V). This result confirms the capability of the system to step up the voltage level and
validates the feasibility and effectiveness of the proposed hybrid control strategy for the PV-IM-Boost
system.

Regarding the omission of a dedicated MPPT algorithm, it is important to note that conventional
PV-fed systems rely on MPPT to maximize energy extraction under varying atmospheric conditions.
However, this typically increases control complexity, computational requirements, and system cost, and is
often associated with multi-stage power conversion architectures that may reduce overall reliability. In the
proposed configuration, the MPPT stage is intentionally removed and replaced by a direct control of the
BSSI structure. This design choice prioritizes simplicity, robustness, and fast dynamic response rather than
strict maximization of instantaneous PV power.

Although the absence of MPPT may lead to a reduction in harvested energy under rapidly changing
irradiance conditions, the proposed approach offers a favorable trade-off by reducing the number of control
loops, simplifying implementation, and improving system reliability. Consequently, the presented results
highlight that the system maintains stable operation and satisfactory voltage boosting performance while
operating with a simplified control structure, which constitutes a key design objective of this work.

Figures 27 and 28 present the simulated and experimental stator currents, respectively. Specifically,
Figures 27(a) and 27(b) show the simulated stator currents iy, and iz, whereas Figures 28(a) and 28(b)
present the corresponding experimental stator currents. The results indicate that the conventional Pl
controller yields higher current amplitudes than the adaptive PI (API) strategy, reflecting increased electrical
stress under classical regulation. In the experimental case, residual chattering is observed, primarily caused
by sensor measurement noise, acquisition imperfections, and external disturbances.

600

o
(=3
o

Y
(=3
o

DC-Bus (V)
w
S

N
=3
o

-
(=3
o

o

o
-
N
w
IS

5 6 7 8 9 10
Time (s)

Figure 23. DC-bus voltage u,.(simulation)

DC-Bus Voltage (V)
3
(=]

300 ¢

250 ! 1 I i |
0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Figure 24. DC-bus voltage u,.(Experimental)

Adaptive vector control of PV-fed induction motor using boost split-source inverter ... (Romaissa Hamdi)



58 a

ISSN: 2502-4752

200

150

PV Voltage (V)

50

PV Voltage (V)

Stator Current (A)
N

-2.

-4

10

Stator Current (A)

100

200

3

2 3 4 5 6 7 8 9 10
Time (s)

Figure 25. PV voltage upy, (simulation)

1 2 3 4 5 6 T 8 9 10
Time (sec)

Figure 26. PV voltage up, (experimental)

5 ——is-alfa (P1)
0 ——is-alfa (AP1)

H ! I
| —is-beta (PI)
: —is-beta(API)

Time {sec)

(b)

Figure 27. Simulated stator currents: (a) is, and (b) iz

Indonesian J Elec Eng & Comp Sci, Vol. 43, No. 1, July 2026: 39-62



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 a 59

v ' )
W —15- 2T APT)

—a73(P)

Stator Current (A)

o 1 2 3 4 S 6 7 8 9 10

Time (sec)

@)

—is-beta(Pl)
—is-beta(API)

~

Stator Currents (A)
(=]

Time (sec)

(b)

Figure 28. Experimental stator current: (a) i, and (b) iss

To objectively evaluate the effectiveness of the proposed Adaptive Pl (API) controller, a
quantitative comparison with the conventional Pl controller is presented in Table 3. The comparison includes
key dynamic and steady-state performance indicators, namely rise time, settling time, overshoot, steady-state
error, and THD. The obtained results demonstrate that the proposed AP controller significantly enhances the
overall performance of the IM-BSSI drive system. Although both controllers exhibit comparable rise times,
the API controller reduces the average settling time from 1.087 s to 0.938 s, corresponding to an
improvement of 13.7%. Furthermore, the overshoot is drastically reduced from 2.90% to 0.42%, representing
an 85.5% improvement and confirming the superior damping capability of the proposed approach. The
steady-state error remains negligible for both controllers, while the API ensures more accurate speed tracking
under successive speed reversals and operating condition changes. In addition, the harmonic analysis reveals
that the proposed API controller reduces the current THD from 4.82% to 2.67%, yielding a harmonic
reduction of 44.6%. These results clearly demonstrate that the proposed API controller provides better
transient response, enhanced tracking accuracy, and improved power quality compared with the conventional
Pl controller, thereby validating its suitability for high-performance induction motor drive applications
powered by the BSSI system.

Table 3. Quantitative performance comparison between the conventional Pl and the proposed adaptive Pl
(API) controllers

Performance index Classical PI Proposed API Improvement (%)
Rise time (s) 0.524 0.540 -3.1%
Settling time (s) 1.087 0.938 13.7%
Overshoot (%) 2.90 0.42 85.5 %
Steady-state error (rad/s) 0.11 0.10 9.1%
THD (%) 4.82 2.67 44.6 %

6. CONCLUSION

This paper has presented an adaptive control strategy for a PV-fed induction motor drive system
based on a BSSI system. The proposed control strategy, combining SMC with a Lie-derivative-based
adaptive PI1 regulator, has demonstrated high reliability and effectiveness through both simulation and
experimental results. The proposed approach ensures accurate speed tracking, strong disturbance rejection
capability, improved dynamic response, and enhanced voltage boosting performance of the PV-fed IM-BSSI
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system without requiring a conventional MPPT stage. Consequently, the proposed topology contributes to
simplifying the overall control architecture while reducing system complexity and conversion stages. The
main contribution of this work lies in the integration of the BSSI system with vector control of the induction
motor using a hybrid SMC-API scheme without MPPT, providing a simplified yet efficient control structure
suitable for renewable energy applications. In addition, the integration of the robustness of SMC with the
adaptability of the adaptive PI controller significantly improves system stability, transient performance, and
control accuracy compared with conventional vector control techniques (FOC). Quantitative performance
analysis confirmed reduced overshoot, fast settling time, improved efficiency, and lower harmonic distortion,
highlighting the superiority of the proposed strategy.

From an application perspective, the proposed system is particularly suitable for photovoltaic-based
installations such as solar water pumping systems, where reliable speed regulation is required under
fluctuating irradiance conditions. In addition, it can be extended to industrial drive applications including
pumps, fans, and conveyor systems operating under variable load conditions.

Regarding scalability, the modular structure of the BSSI system allows straightforward extension to
higher power levels through appropriate design of semiconductor devices and passive components.
Furthermore, the control strategy can be generalized to multi-machine or multi-phase configurations with
minimal modifications, making it suitable for medium- and large-scale renewable energy systems.

Finally, the elimination of MPPT reduces system complexity and computational burden, which
enhances real-time implementation capability and makes the proposed approach attractive for low-cost
embedded renewable energy applications.
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