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Abstract

Thermoelectric generators (TEGs) enable compact waste-heat energy harvesting but require high-
gain DC-DC conversion due to their low output voltage for microgrid interfacing. This work
proposes a novel TEG-supplied two-stage architecture consisting of a perturb and observe (P&O)-
based MPPT boost converter followed by a modified Z-source converter regulated through an
advanced control strategy. The modified Z-source topology enables high voltage gain without
extreme duty ratios and mitigates switching losses by eliminating diode-related reverse-recovery
effects via synchronous operation. To enhance dynamic performance, an advanced model predictive
control (MPC) approach is adopted and benchmarked against conventional MPC and sliding mode
control (SMC). Simulation results under hot-surface temperature variations demonstrate that the
proposed system maintains stable 400-V DC bus regulation at a 100-W output level. In contrast,
conventional MPC exhibits switching-frequency deviations that increase switching losses during
transients, while conventional SMC suffers from significant voltage deviations. After the temperature
variation tests, the proposed control strategy is subjected to a +20% load test, in which it maintains
400-V regulation with nearly fixed-frequency operation, confirming its superior dynamic suitability
for TEG-based systems operating at 50 kHz. The proposed innovative design provides a new
perspective for TEG researchers while supporting sustainable waste-heat energy utilization.

Keywords: thermoelectric generator; waste heat recovery; sustainable energy; modified z-source
converter; advanced control; high-gain; DC microgrid

1. Introduction

The global energy transition increasingly prioritizes emission reduction, energy efficiency, and
the large-scale integration of renewable energy sources in response to growing concerns over energy
security. Rising global energy demand, fossil fuel price volatility driven by geopolitical instability,
unsustainable reliance on conventional energy resources, and the accelerating impacts of global
warming have positioned energy security as one of the most critical challenges of the modern era
[1,2]. Although renewable energy technologies offer a cleaner and more sustainable pathway by
reducing greenhouse gas emissions, the second law of thermodynamics dictates that all energy
conversion systems inevitably dissipate a portion of input energy as waste heat [3]. This inevitable
energy loss, often released to the environment without being utilized, presents a significant
opportunity to enhance overall system efficiency and generate additional sustainable power through
waste heat recovery technologies.

One of the common methods for utilizing waste heat is converting it into electrical energy using
Organic Rankine Cycle (ORC) systems. For this reason, many studies have investigated ORC-based
hybrid systems to improve energy recovery efficiency and overall system performance [4,5].
However, ORC systems rely on mechanical components, which introduce acoustic noise, increase
system complexity, and require considerable installation space [6]. In contrast, thermoelectric
generators (TEGs), based on the Seebeck effect discovered in 1821, enable silent and direct conversion
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of low-grade waste heat into electrical energy without moving parts, offering a compact, reliable, and
maintenance-free solution for sustainable power generation [7]. TEGs are widely utilized in waste
heat recovery systems for power generation across a broad range of heat sources. In renewable energy
applications, solar energy and biomass systems provide suitable thermal inputs for TEG-based
energy harvesting [8]. Non-renewable applications include automobile and internal combustion
engines, where TEGs are used for waste heat recovery [9]. Additionally, industrial processes offer
high-temperature waste heat sources that can be exploited by TEGs to improve overall energy
efficiency.

Despite their advantages, TEGs inherently suffer from low conversion efficiency, low output
voltage, and limited power density due to their small Seebeck coefficient and low temperature
gradients. To mitigate efficiency limitations, TEGs should be operated close to their full capacity by
maximizing power extraction through optimal load matching [10]. Maximum power transfer is
achieved when the load resistance matches the internal resistance of the TEG. When the TEG is
directly connected to a mismatched load, its conversion efficiency is consequently reduced. To avoid
impedance mismatch, power electronic converters capable of both MPPT and power regulation are
employed in conjunction with TEGs [11]. Accordingly, a boost converter with an MPPT algorithm is
widely adopted in the literature to operate TEGs at their maximum power point [12,13].

The electrical output of a TEG is typically insufficient to directly supply loads or interface with
DC buses used in modern power electronic systems. Therefore, high gain DC-DC converters are
required to boost the low TEG voltage to usable levels while maintaining high efficiency, reduced
current stress, and stable operation, particularly in renewable and waste-heat energy harvesting
applications. A high gain boost converter is proposed for battery charging applications [14]. Despite
their high voltage gain capability, tapped-inductor boost converters suffer from efficiency and
reliability limitations at high voltage levels due to increased switch stress, leakage inductance effects,
and diode-related losses, while also lacking integrated MPPT capability for extracting the maximum
available power from TEGs in the study. A reed-switch based boost converter is used in the TEG-
based applications [15]. Although these converters enable self-starting at extremely low input
voltages with low conduction losses, their mechanical switching nature limits frequency, reliability,
scalability, and control flexibility, making them unsuitable for high-voltage applications and MPPT-
based optimal power extraction. The multiphase multilevel switched-capacitor converter is proposed
for high-current and high-gain TEG applications [16]. While the converter achieves high efficiency
through ZCS and interleaving, its complex control requirements, large number of switches, limited
voltage regulation flexibility, and challenging MPPT integration restrict its suitability for dynamically
regulated high voltage applications. The switch-inductor boost converter is utilized for TEG-assisted
applications [17]. Although it is well suited for low-voltage and low-power TEG applications, its
limited control flexibility, narrow voltage regulation range, and poor scalability make it less suitable
for high voltage applications. The multilevel DC-DC conversion structure is used for TEG-supplied
high voltage automotive applications [18]. While the system achieves effective impedance matching
and improved reliability, its cascaded multi-stage structure significantly increases system complexity
and cost. Moreover, accumulated losses and control complexity further limit its suitability for flexible
high-voltage applications.

Considering the aforementioned TEG-supplied high-gain DC-DC converter topologies, existing
multilevel structures commonly suffer from the absence of integrated MPPT capability, along with
increased control complexity and cost. Moreover, conventional boost-based structures provide
limited voltage gain and lack galvanic isolation between the input and output, which raises safety
and system-integration concerns in high-voltage applications. The majority of existing studies lack
comprehensive analysis of system performance under dynamic operating conditions and detailed
descriptions of control methodologies, thereby limiting their applicability to high-voltage waste-heat
energy harvesting applications. The novelty of this study lies in the development of a modified high-
gain Z-source converter structure integrated with an advanced model predictive control (MPC)
strategy for TEG-supplied high-voltage applications, addressing the shortcomings of existing studies.
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The proposed system distinguishes itself in the literature through its innovative architecture and the
novel perspective it offers to researchers, contributing a new conceptual and technological
framework for TEG-based renewable energy integration studies. The proposed control approach is
systematically compared with conventional MPC and conventional sliding mode control (SMC)
methods implemented on the modified z-source converter topology. The simulation results confirm
that the proposed advanced MPC strategy ensures stable regulation of a 400 V DC bus with a fixed
switching frequency of 50 kHz under dynamic conditions, achieving superior performance compared
with conventional MPC and SMC methods. Following the temperature-dependent source variation
test, in which the hot-side temperature change alters the TEG source voltage, the proposed system is
subsequently subjected to +20% load perturbations. Under this scenario, the proposed control
strategy maintains 400 V bus regulation with minor transient deviations, confirming its effectiveness
in TEG-supplied power-conditioning applications.

2. Operating Principle of Thermoelectric Generators

A basic structure of TEG is composed of p-type and n-type legs between a hot and a cold surface,
where the temperature gradient drives charge carrier flow to generate electrical power across the
load as shown in Figure 1. Multiple p—n pairs, commonly referred to as thermoelectric (TE) couples,
are electrically connected and inserted between two ceramic plates to form a TEG.

TEG modules fabricated from thermoelectric materials generate an output voltage proportional
to the temperature difference across the module [19]. TEs in a TEGs are electrically connected in series
to increase the output voltage, while they are thermally arranged in parallel through ceramic plates
to enhance thermal conductivity. When a temperature difference is established between the ceramic
plates, heat flows from the hot side to the cold side, inducing the movement of electrons and holes in
the n-type and p-type semiconductors, which generates an electrical voltage via the Seebeck effect.
The open-circuit voltage of the TE is given by the following expression:

Voe = Spn X AT = Spp X (Thot — Teota), @

where V;,. denotes the open-circuit voltage of the TEG, S,,, represents the Seebeck coefficient ( V/K),
and AT is the temperature difference between the hot and cold surfaces of the TEG (K). From an
electrical standpoint, a TEG can be modeled as a temperature-dependent voltage source in series with
an internal resistance, R;,;. A load resistance, R;,.q, is connected to the TEG to extract electrical
power. When the load resistance matches the internal resistance of the TEG, the power delivered to
the load reaches its maximum value, known as the MPP. Deviations from this condition result in a
reduction of the extracted power. Under open-circuit conditions (Rj,qq = ), the TEG terminals
exhibit the open circuit voltage, whereas under short-circuit conditions (R;,44 = 0), the short-circuit
current flows through the TEG. At the MPP condition, the TEG terminal voltage and output current
are equal to half of the open-circuit voltage and short-circuit current, respectively, as formulated
below:

Viupp = Voc/2 ’ 2)

Iypp = Isc/2 ’ 3)
where Vypp and Iypp correspond to the voltage (V) and current (A) at which the TEG delivers
maximum power, respectively, while I;. denotes the short-circuit current (A) of the device.

The electrical equivalent circuit model of the TEG is represented in Figure 2. Based on the

Kirchhoff laws, the TEG current can be formulated as:
VOC
Irge = lioaa = g — 4 — , 4)

The terminal voltage of the TEG denotes the output voltage available at the terminals when
supplying a load and is given by:

Vree = Iroaa X Rioaa,  (5)

Under open-circuit conditions, no current flows through the TEG, and the terminal voltage

equals the open-circuit voltage as given by:

Itge = Ioaq = 0 & Vrgg = Voo , (6)
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Under under short-circuit conditions, the terminal voltage drops to zero and the current reaches
its maximum value, known as the short-circuit current as given by:
@)

Rint

The electrical power generated by a TEG module is delivered to a load and can be expressed in

I =

terms of the TEG voltage, the its internal resistance and the load resistance as follows:

VrEG:
= xR 8
(RLoad*Rint)? Load ( )
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Figure 1. Basic structure of a thermoelectric generator.
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Figure 2. The electrical equivalent circuit model of the TEG.

The electrical output of TEGs is directly dependent on the temperature difference across the
device; however, TEGs typically operate under nonlinear temperature gradient conditions due to
varying thermal profiles. Variations in temperature affect not only the output power of TEGs but also
their internal resistance [11] and Seebeck coefficient [20].

This study employs manufacturer datasheet parameters of the HZ-20HV module manufactured
by Hi-Z Technology to model a TEG system. Figure 3 illustrates the power and efficiency
characteristics of the designed system, while Figure 4 depicts the corresponding load curve. A TEG
system composed of five modules connected in series is implemented in MATLAB Simulink based
on these specifications. The electrical and thermal characteristics of the TEG are summarized in Table
1 in the following section.

Table 1. Parameter specifications of the proposed system.

Component Parameter Value Symbol
Thermoelectric modules 5 -
Output power at MPP 1215 W p
TEG unit Output voltage at MPP 27V Vupp
Output current at MPP 45 A Iypp
Open circuit voltage 54V Voc
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Short circuit current 9A Ise
Internal resistance 6Q Rine
Seebeck coefficent 0.054 V/K Spn
Hot surface temperature 250 °C Thot
Cold surface temperature 50 °C Teotd
Output voltage 51.1V Vg out
Output current 233 A Ig out
Input capacitor 250 uF Cin
Filter Inductor 300 uH Lp
Boost converter Filter capacitor 50 puF Cp
DC link capacitor 2.5 mF Cpc
Switching frequency 50 kHz fsw
Output voltage 400 V Vout
Output current 025 A Lot
Output power 100 W Pyt
Input inductor 120 pH Lin
Modified Z-source converter Capac%tor 100 puF G
Capacitor 100 uF C,
Capacitor 1 pF Cs
Capacitor 1 pF Cy
Capacitor 33 uF Co
Load 1600 ohm R,
Turn ratio 4 n
25— — 5
1X45 Power
| Y243 —— Efficiency
20t : 14
- | g
%_ 15} 13 E
Q@ 1
E 10} 12 ;Q_’
T, = 250°v:a T =50°C w
5t ! 11
0 , — - , 0
0 2 4 6 8
Current (A)

Figure 3. Power and efficiency characteristics of the designed TEG module.
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Figure 4. I-V and P-V curve of the designed TEG module.
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3. The Proposed TEG-Supplied System

This section introduces the proposed TEG-supplied system for low power DC Microgrid
applications as depicted in Figure 5. The proposed system can be classified as a two-stage
architecture. The first stage incorporates a P&O-based MPPT boost converter to step up the TEG
voltage and regulate the output current. In the second stage, a modified Z-source converter with an
advanced model predictive control method is employed to boost the voltage to 400 V, which is a
widely recognized DC bus level in low-power DC microgrids due to its reduced distribution losses,
compatibility with power electronic interfaces, and direct integration with battery storage and EV
charging systems. Herein, the integrated advanced MPC method is compared with conventional
MPC and conventional SMC to demonstrate its superiority for the considered application. The design
and operation of the first-stage MPPT boost converter, along with the detailed behavior of the second-
stage modified Z-source converter and its associated control strategies, are presented in the following

P& O MPPT Boost Converter

HE E EEEEEEENSEEENEENEEERRBR®S

Modified Z-source Converter

subsections.

LR NN LN BN NN ENEEBLES
L} a
. Iy m Lp Dy L, 1
. AN - e aaa — .
[ ] - i |
L ] n |
M [€01d Surface l o N |
d "l &

S L e

L] ++ Cin 1 Cp=="= Cpc = RV, Tieroar:
Ll JHGt Surtace u v _out Mm‘?g“d
= RTEG Module . |
L L]
. w *— — J
. .
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Figure 5. The proposed TEG-supplied system.

3.1. Boost Converter Design and MPPT Implementation

MPPT is a widely adopted control strategy that enables power systems to operate at their
maximum power point under varying operating conditions. In TEG systems, the implementation of
MPPT algorithms is particularly critical due to the inherently low conversion efficiency of TEGs.
Based on the MPPT theorem [21], maximum power is obtained from a TEG when the load resistance
equals its internal resistance, and this condition varies as the internal resistance of the TEG changes.
Since the thermal energy input in waste heat recovery systems is essentially cost-free, the inherently
low conversion efficiency of thermoelectric generators is not a primary concern; instead, maximizing
the extracted electrical power through MPPT becomes crucial to minimize the cost per watt of
generated energy. MPPT algorithms are implemented in conjunction with DC-DC converters to
achieve impedance matching between the TEG and the load, thereby ensuring continuous operation
of the TEG at its MPP. The power transferred to the load depends on the load resistance; thus, MPPT
implementation via a DC-DC converter must account for the load-dependent I-V and P-V
characteristics of the TEG system to ensure operation at the MPP.

In this study, a duty-cycle-based P&O MPPT algorithm is used to achieve load matching and the
flowchart of the algorithm is shown in Figure 6. The P&O MPPT algorithm tracks the MPP by
iteratively perturbing the converter duty cycle and observing the resulting power variation. Herein,
the algorithm evaluates the signs of the power and voltage changes to determine the appropriate
direction of duty-cycle adjustment, thereby driving the operating point toward the MPP. The P&O
MPPT algorithm is particularly suitable for TEG applications due to its simple structure, low
computational burden, model-free nature, and ease of implementation with DC-DC converters,
making it robust against parameter variations inherent in TEG systems.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Flowchart of the duty-cycle-based Perturb and Observe (P&O) MPPT algorithm.

DC-DC converters are power electronic systems that efficiently regulate and convert DC voltage
levels to interface energy sources with electrical loads. TEG arrays are used to supply the boost
converter to increase the input voltage. The conventional boost converter is mainly consist of an
inductance Lg, a MOSFET as a switch, diode Dg, and capacitor Cz. The primary function of the
converter is to achieve impedance matching between the TEG and the load by adjusting switch duty
cycle, thereby enabling maximum power extraction. The circuit schematic is employed to model and
analyze the converter behavior during the MOSFET on and off switching intervals and to derive the
associated circuit equations. When the MOSFET is in the ON state, the diode becomes reverse-biased,
and the TEG supplies energy to the inductor, causing the inductor current to increase and store
energy in its magnetic field. During this interval, the output capacitor supplies the load by
discharging, thereby maintaining the output voltage. Conversely, when the MOSFET is turned OFF,
the stored energy in the inductor is transferred through the diode to the output capacitor and the
load, resulting in a stepped-up output voltage. Utilizing Faraday’s Law, the rate of change for the
state variables across both operational intervals is formulated as [22,23]:

VrggdT = (Vg out = Vree)(1 — d)T, (9)

Due to the low output voltage nature of the TEG, the use of boost converter is suitable for high
voltage applications. R;,; denotes the internal resistance of the TEG, Rj,,q is the load of the circuit.
The boost converter is capable of stepping up the input DC voltage to a desired higher level by
appropriately controlling the switching duty cycle. The steady-state voltage conversion ratio of the
boost converter is expressed as:

Vo in = -2, (10)
The steady-state current conversion ratio of the boost converter is expressed as:
Ig in = Ip oue(1 — d), (11)
The steady-state input impedance seen by the TEG through the boost converter is related to the

load resistance as follows:
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ROU.
Rin = 2, (12)

Based on the minimum and maximum TEG voltage, min and max duty cycle ratio can be

determined as follows:

_ VB out—VTEGmax _ VB out=VTEGmin
dmin - & dmax - ’ (13)
VB_out VB_ouL'
In selecting the inductor value, continuous conduction mode (CCM) operation is maintained by

ensuring L > Lp,;,. The minimum inductance, L,,;, is defined as follows:
14 min
LB_min = ( LEC. )dmax/ (14)

fswdlL,
To ensure voltage stability at the output, the minimum DC-link capacitance C,;, is obtained as

follows:

d
Cp min = (m) Lout max, (15)

Based on the aforementioned operating principle, the design parameters of the TEG-supplied
boost converter are presented in Table 1.

3.2. Proposed Modified Z-Source Converter Topology

Continuous input current and high step-up conversion ratios are essential features for DC-DC
converters interfacing renewable sources such as photovoltaic panels, fuel cells, and TEGs, since these
sources inherently operate at low voltage levels and exhibit significant source impedance. In such
scenarios, isolated topologies including flyback converters are considered inefficient due to the
associated high switching stress, bulky magnetics, and degraded power density, making them
unsuitable for compact TEG-assisted power conditioning systems. To achieve high step-up
conversion for DC microgrid interfacing, impedance-source converter structures offer a more suitable
alternative thanks to their high voltage gain capability, reduced semiconductor stress and
transformerless operation. Therefore, a modified Z-source converter is adopted in the second stage
to boost the regulated TEG output to a 400 V DC bus level while maintaining compactness and
improved conversion efficiency.

Impedance-source converters can be classified into three groups according to the switching-
stage configuration: full-bridge [24], push—pull [25], and single-switch topologies topologies [26].
Compared to full-bridge and push-pull Z-source converters, single-switch topologies offer reduced
semiconductor count, simplified gate-drive circuitry, inherently lower switching losses, and
continuous input current, which makes them highly suitable for low-voltage energy harvesting
sources such as TEGs. The reduced circuit complexity and wide boost-conversion capability also
enable compact implementations with lower cost and improved efficiency at low power levels.

In this study, a prominent single-switch Z-source converter structure is adapted for MPPT-
enabled low power TEG systems, owing to its compact structure and reduced circuit complexity [27].
The modified structure primarily consists of replacing the reverse-blocking diode with a synchronous
MOSEET as depicted in Figure 5. This replacement eliminates reverse-recovery losses and improves
conversion efficiency, especially in practical applications. The improvement is particularly relevant
for TEG-assisted applications, since diode reverse-recovery losses become significant at low current
levels and high switching frequencies. The detailed operational analysis and the mathematical
derivation of the converter’s steady-state characteristics are presented in the following section.

3.2.1. Design and Operating Principle of Modified Z-Source Converter

The proposed circuit includes five capacitors (Cy, C;, C,, C3 and C,) and three diodes (Dy, D;
and D,). While the S, is the main switch, S, represents the synchronous switch. In this topology,
L;, serves as the input inductor, whereas L; and L, form the primary and secondary inductors of
the coupled inductor. During the on-state of the main switch S,, the synchronous MOSFET is kept
OFF. In this interval, diodes D, and D, are reverse-biased, whereas D, conducts. The capacitors C3
and C, are discharged through L, and the load, transferring energy to the output. The modified Z-
source stage is energized from the regulated DC-link capacitor supplied by the first-stage MPPT boost
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converter. When S, is turn off, S, is driven into conduction and provides a low-loss current path
for the inductor currents iy, and i, through capacitors C;, C;, and C,. In this OFF-state, the
voltage stress on S; remains equal to V¢ + V,. Since the leakage inductance energy is discharged
through C; and the load during turn-off, the main switch does not experience additional overvoltage
stress. Moreover, replacing the freewheeling diode with the synchronous MOSFET eliminates
reverse-recovery effects and reduces conduction losses, which leads to higher overall efficiency
particularly important in low-power TEG-assisted applications.
Based on the detailed modal analysis of the reference converter topology [27], the steady-state
gain expression can be described as follows:
Vout __ 1+d

=kn
Vin 1-2d

where d is the duty cycle of the switch, n is the turn ratio of the coils, and k represents the coupling

, (16)

factor of the system.
Capacitor voltage relations are stated as given below

Ver = nVin 5, (17)
(1-a)

Vez = nVin (1—2a) ’ (18)
Ves = Vea = knViy , (19)

1+d)
Veo = iV S50, (20)

Diode voltage relations can be represented as follows:

V.
Vpo = Vp1 = Vpy = (f_;;) ,(21)

Semiconductor device stresses for the proposed modified single-switch impedance-source

converter are derived as follows:
Vin
aza) ' ®

Vs; = Ve + ch =

Vign = s, (29)
Input inductor current and mutual inductor current equations are derived as follows:
i =02 (24)
(2 )
S (25)
In the subsequent section, the prominent non-linear control strategies are evaluated for

ILm=I

comparison to show the superiority of the advanced MPC strategy.

3.2.2. Prominent Conventional Control Strategies and Advanced Control Strategy

Prominent conventional control strategies for high-gain DC-DC converters include SMC and
MPC due to their ability to cope with the strong nonlinearities, fast transients, and wide operating
ranges with robustness and optimal switching performance. In this section, conventional SMC and
conventional MPC techniques are introduced for comparison, while the advanced MPC method is
analyzed in detail due to its performance improvements.

A PWM-based SMC is adopted as a conventional benchmark, as illustrated in Figure 7 [28]. The
parameters Vi, Vour, Voue™, and I, denote input voltage, output voltage, reference output voltage,
and output current, respectively. K,; and K,, are proportional gains associated with the sliding
surface dynamics, and f is a scaling parameter used in the auxiliary state definition. The controller
forms a sliding surface from the output voltage error and its derivative, and the resulting control
signal is processed through a PWM ramp comparator to yield a fixed switching frequency. In
operation, the sliding function drives the output voltage toward its reference and maintains the
system trajectory on the sliding surface, enabling fast transient response, small steady-state error.
Although the absence of a mathematical model requirement is an advantage for SMC, this becomes
a limitation for high-order and high-gain Z-source converters, where accurate prediction of converter
dynamics and switching behavior is essential.
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Figure 7. Block diagram of the conventional SMC method.

In such cases, MPC provides a more systematic framework by exploiting a discrete-time model
and cost-based switch optimization. The block diagram of the conventional MPC method with a
constant weighting factor determined heuristically is shown in Figure 8. Herein, the conventional
MPC provides an optimization-based control strategy that predicts the future behavior of the system
using a mathematical model and determines the optimal control action by minimizing a cost function
that represents the desired control objective. The parameters Y, I, I;i,", and I, (k + 1) represent
weighting factor, input inductor current of the converter, reference input inductor current, and
predicted input inductor current, respectively. Although MPC offers a clear advantage for high-order
converter systems due to its model-based prediction capability, the cost function depends on the
operating point, the switching frequency varies as the operating conditions change. Therefore, the
cost function should be designed by taking into account fixed-frequency operation, which is
particularly important for high-order converter systems due to their complex multi-state dynamics.

Modified Z-Source Converter

(Vin, TLin, V2, Vi)

/

DC
—

DC

Switch)

lILill(k-H) m(l\lain Switch)

Cost Function
Minimization

Eg. (31)

T

Constant 7} weighting factor

P
A% out

+

Controller

Figure 8. Block diagram of the conventional MPC method.

The advanced MPC method consists of by using half of the inductor current ripple as the
weighting factor [29]. This approach enables automatic tuning of the weighting factor eliminating the
need for heuristic and fixed weighting coefficients commonly adopted in conventional MPC methods.
As a result, the proposed control achieves stable switching frequency operation even under input
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voltage variations with a higher system efficiency over conventional MPC method. The control block
architecture of the advanced control method for the modified Z-source topology is depicted in Figure

9.
Modified Z-Source Converter
DC /
(Vim ]:Lim VCZ » VEI) =
_l_l;q“-"" (Synchronus
) Switch)
_l_liz(Main Switch)
Cost Function
Minimization
Controller Eq. (38)
Inductor Ripple
Estimation
Figure 9. Block diagram of the advanced MPC method.
The differential equation of I;;, can be stated as based on the modified converter scheme as
follows:
dypi 1
% = Vin = Rilpin + Ver Sz — (1 = $2)Vi2], (26)
Based on Euler’ forward method, the continuous time derivative of I;, can be obtained as
follows:

djLin ~ ILin(k+D)=Ipin (k) (27)
dt Ts /

The inductor current is predicted one step ahead over the sampling period T;, enabling the MPC
to evaluate the effect of each switching state and select the optimal one through cost function
minimization as follows:

Iin(k + 1) = LTTSn [Vin (k) = Rulin (k) + Ver (k) Sp (k) — (1 = S,(0))Vea (k) + Lin (k), (28)

The primary aim of the MPC method is to minimize the error between the predicted and
reference values, with the current error in the next sampling interval evaluated by the following cost
function:

gilk +1) = [Iin (k)" = Iin (k + 1], (29)

In [30,31], it is highlighted that the cost function incorporates an additional term to penalize the

variation between two consecutive switching states, as expressed below:
gs(k) = 1S,(k) = S, (k = 1), (30)

In the conventional MPC method, the total cost function evaluated at each sampling instant is

defined as:
glk+1) =gi(k+1)+Ygs(k), (31)

The total cost function in (31) is calculated across the two possible operational states of the
modified Z-source converter. An extra penalty term is used to penalize switching transitions between
consecutive instants, effectively reducing unnecessary switching and associated losses. This

relationship is further defined by the following expression:
| gi(k+1)if Switch is OFF state }
glk+1) = {gi(k +1) + Y if Switch is ON stateS * )
According to conventional MPC, the value of the cost function in (31) is based on the operating
point; consequently, the switching frequency varies as the converter operating conditions change. To
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reduce switching-frequency variations and avoid the manual tuning of the weighting factor, the
conventional cost function in (31) is reformulated such that only the complementary switching state
contributes through the weighting term as follows:
gk +1) = gi(k + D(1 - g5(k)) + Y gs(k) , (33)
where g¢(k) € {0,1} indicates whether the applied switching state is complementary to that in the
previous sampling instant. Following the approach in [29], the allowed current-error band associated
with a desired switching frequency can be related to the inductor current ripple Al};,, as follows:
y =2kn (34)

In the advanced MPC method for the modified Z-source converter, Al;;, isobtained as function
of the converter parameters and operating point, and is then used to automatically adapt the
weighting factor. Al};, is based on the switching frequency and can be formulated as follows:

ind
Al = (35)

Linfsw !
It is well established that finite control set MPC generates the switching signals without a

comparator [32,33], making the measurement or estimation of the duty ratio essential. To reduce

implementation complexity, the duty ratio for the modified converter is estimated as follows:

(Vout—4Vin)
d=—""——""=-,(36
(2Vout+4Vin) ( )

Since the weighting factor is defined as LLin

—, an estimation of the inductor current ripple is

required so that ¥ can automatically adapt to the operating point. For this purpose, Al;, is
expressed as a function of V,, V¢4, d, f5,, and L by substituting (36) into (35) as follows:

~ (Vin+Ve1)d
Blyy = Ylelt (37)

The modified cost function can be stated as follows by replacing ¥ with Ngi", such that the

complementary switching cost becomes directly dependent on the estimated inductor current ripple.
glk+1) = gl + (1 - go(k)) + L2 g,(k) ,  (39)

5. Simulations Results and Discussions

This section introduces and discusses the case studies of the proposed TEG-supplied low power
DC microgrid system. Table 1 presents the system parameters and their corresponding values for the
proposed model. Table 2 summarizes the steady-state capacitor and diode voltage levels of the
proposed modified Z-source converter, showing that the deviation between the calculated and
measured values remains within acceptable limits. The primary objective of this study is to design a
100-W TEG-supplied microgrid system capable of delivering a 400-V output. The switching
frequency is selected as 50 kHz for the system. Assuming a duty cycle ratio of d=20% and a coupling
coefficient of k=0.98, and the turn ratio of the coupled inductor is calculated as n=4. For the boost
converter and modified Z-source converter topologies allowed ripples are assumed to be 30% for the
input inductors. For the output voltage, a ripple level lower than 2% is selected for both converters
to ensure a stable DC link and to meet the stringent voltage quality requirements of DC microgrid
applications. Such ripple minimization improves converter coordination within the boost-DC-link—
Z-source chain, mitigates power oscillations on the 400-V bus, and enhances the overall power quality
of the proposed 100-W DC microgrid system. While the internal resistance and Seebeck coefficient
are specified as 1.2 Q and 0.054 V/K @ Th=250 °C, respectively these parameters are assumed to
decrease to 1.18 () and 0.054 V/K @ Th=220 °C, since lower hot-side temperatures are expected to
reduce both the Seebeck coefficient and the internal resistance, as suggested by the manufacturer’s
datasheet.

Figure 10 illustrates the MPPT performance of the proposed TEG-supplied P&O-based boost
converter. Five TEG modules connected in series yield an MPP voltage of 27 V and an MPP current
of 4.5 A, consistent with the datasheet characteristics. The system successfully converges to the MPP
under thermal and electrical variations, demonstrating that the MPPT algorithm is capable of
extracting the maximum available power from the TEG source.
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TEG Supplied MPPT Boost Converter
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Figure 10. The proposed boost converter under hot side temperature variations: (a) Input voltage and current;

(b) output voltage and current.

The dynamic response in Figure 11 demonstrates that the conventional SMC cannot properly
regulate the system under hot-side temperature variations (250—220 °C at 0.2 s and 220—250 °C at
0.4 s). The output voltage deviates from its 400 V reference and the output power drops significantly
during the transient interval, indicating weak disturbance rejection and insufficient robustness
against source variations. Such performance is typical in systems driven by thermoelectric sources,
where temperature-dependent impedance and nonlinear power characteristics complicate stable
voltage and power regulation.

Conventional Sliding Mode Control Strategy
System output voltage (V)

400 -y \ T T T __.I I I I
B s

200+ . T -

31&.15 02 9208 “.2;'";15 | i i ﬁ 395 0'4/ 0405 0.11? 0415 { {

0
System output current (A)

025 I I T T T I I I
02f ~— 4 ]
0.15F .
011 1

0 1 1 1 1 1 1 | |

System output power (W)

100E T T T T T T T T ]
901 / ]
601 7
30r 7

0 1 1 1 1 1 1 ! |

System operating frequency (kHz)

50 1 1 L L L L 1 1
401 .
30 .
20 A

1

0 1 1 1 1 | | |
0.15 0.2 0.25 0.3 0.35 04 0.45 0.5 0.55 0.6
Time (s)

Figure 11. Dynamic response of the proposed system using conventional SMC under hot side temperature

variations.

The dynamic response of the conventional MPC strategy under hot-side temperature variations
(250—220 °C at 0.20 s and 220—250 °C at 0.40 s) is shown in Figure 12. Herein, the controller is unable
to maintain a nearly fixed switching frequency. This behavior reduces the overall conversion
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efficiency due to increased switching losses and suboptimal power transfer. While such effects may
be less critical in high-power converter systems, they become important in low-power TEG systems
that operate at low switching frequencies, thereby adversely impacting the overall system
performance.

Conventional Model Predictive Control Strategy
System output voltage (V)
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Figure 12. Dynamic response of the proposed system using conventional MPC under hot side temperature

variations.

The dynamic response of the proposed advanced MPC strategy is demonstrated in Figure 13.
The system maintains nearly fixed-frequency operation around 50 kHz under the hot-side
temperature transitions (250—220 °C at 0.20 s and 220—250 °C at 0.40 s). This behavior reduces
switching losses and improves the power conversion efficiency, as fixed-frequency operation is
generally preferred in renewable energy interfaced power converters due to their limited available
power and higher sensitivity to loss mechanisms. In addition, the system successfully regulates the
output voltage at 400 V and delivers 100 W to the load throughout the transient interval, confirming
the effectiveness of the proposed control approach for TEG-based energy conversion.

In contrast to the conventional SMC and MPC strategies, the proposed advanced MPC
demonstrates superior robustness under load disturbances. A hard load test is applied by increasing
and decreasing the load power by +20% as depicted in Figure 14. The output voltage remained tightly
regulated around 400 V with only minor transient deviations. As expected, the output power
dropped to approximately 83 W due to the increased load demand; however, the controller
maintained nearly fixed-frequency operation around 50 kHz throughout the test. Such behavior
confirms the disturbance rejection capability of the proposed strategy and highlights its suitability
for low-power TEG systems, where tight voltage regulation and fixed-frequency operation are critical
for maintaining system efficiency.

Finally, the comparative results demonstrate that the designed TEG-supplied system with
proposed advanced controller strategy indicates enhanced robustness against load and source
variations, while achieving almost fixed-frequency operation and improved system efficiency.
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Table 2. The proposed modified Z-source converter specifications.

Definition Calculated Measured
Capacitor voltage, V¢, 17.03 V 19.02V
Capacitor voltage, V., 68.13 V 68.45V
Capacitor voltage, V3 66.64 V 64.50 V
Capacitor voltage, Vi, 66.64 V 64.50 V
Capacitor voltage, V¢, 400.13V 400 V

Diode voltage, Vp, 340.67 V 333V
Diode voltage, Vp, 340.67 V 333V
Diode voltage, Vp, 340.67 V 333V

Advanced Model Predictive Control Strategy
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Figure 13. Dynamic response of the proposed system using advanced MPC under hot side temperature

variations.
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Figure 14. Dynamic response of the proposed system using advanced MPC under load test scenarios.
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6. Summary and Comparison

Table 3 provides a comparison of the proposed TEG supplied system with the most prominent
works reported in the literature. The study in [16] employs a multilevel modular resonant structure,
achieving high power (=630 W) and high gain, but it operates without MPPT or dynamic regulation,
limiting adaptability under temperature/load variations. The modified flyback interface in [34]
implements partial-power-processing and reduces semiconductor stress; however, it remains open-
loop and exhibits limited voltage gain, making it unsuitable for dynamic or high-conversion-ratio
scenarios. In [23], a boost converter with fast-terminal sliding mode control enhances MPP tracking
under thermal gradients, yet the achievable power level (=5 W) and voltage gain remain low due to
the single-stage boost configuration. In contrast, the proposed system presents high gain without
extreme duty ratios (d=0.2). The proposed system incorporates dynamic testing while providing fast
dynamic response and MPPT capability. Also, the proposed system delivers a more comprehensive
TEG interface solution and controlled output regulation.

Table 3. Comparison of proposed system with existing prominent systems in the literature.

Description [16] [34] [23] Proposed
Converter type Multilevel Modular  Flyback Boost Modified Z-
source
Control strategy Resonant control ~ Open loop Fast Terminal SMC Advanced MPC
Dynamic response No No Yes Yes
Isolation between sides No Yes No Yes
Output power 630-W 19-W 5-W 100-W
Operating frequency 70 kHz 100 kHz - 50 kHz
Voltage gain High Low Low High

7. Conclusions

This study introduces a novel TEG-supplied two-stage conversion architecture for low-power
DC microgrid applications, consisting of a P&O-based MPPT boost converter and a modified Z-
source converter regulated by an advanced control strategy. The proposed system supports
sustainable waste-heat energy utilization in DC microgrid applications while standing out in the
literature through its innovative design approach and distinctive research perspective, thereby
advancing the state of the art in TEG-based energy integration. The modified Z-source topology
provides high voltage gain without extreme duty ratios, continuous input current, and reduced
switching losses via synchronous operation, offering a suitable power-conditioning interface for low-
voltage TEG sources.

The MPPT performance of the first stage is verified using five series-connected TEG modules.
Under Th = 250 °C and Tc = 50 °C, the system converges to the maximum power point of
approximately 27 V and 4.5 A. When the hot-side temperature decreases from 250 °C to 220 °C, the
reduced temperature gradient causes a drop in the TEG terminal voltage due to its inherent
thermoelectric characteristics. The P&O-based MPPT algorithm successfully tracks these
temperature-induced variations and maintains proper impedance matching, confirming consistent
behavior between the TEG electrical model and the designed MPPT stage.

A comparative evaluation of conventional SMC, conventional MPC, and the proposed advanced
control method demonstrates superior dynamic performance. Under hot-surface temperature
variations, conventional SMC exhibits significant voltage deviations, while conventional MPC suffers
from switching-frequency variations that increase switching losses during transient operation. In
contrast, the proposed controller maintains tight regulation of the 400 V / 100-W DC bus with nearly
fixed-frequency operation at 50 kHz. Following the source variation tests, the system is subjected to
+20% load perturbations, where the proposed control strategy sustains 400 V bus regulation with
minor transients, confirming its robustness in power-conditioning applications.
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Comparison with prominent works reported in the literature indicates that the proposed
approach provides MPPT capability, high voltage gain, dynamic regulation, and controlled output
interfacing, extending the capabilities demonstrated in existing TEG converter configurations. Future
work will involve hardware implementation and experimental validation of the proposed system, as
well as the investigation of hybrid renewable configurations such as vehicle exhaust heat recovery,
where TEGs can operate alongside batteries or fuel cells to support onboard electrical systems.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

MPPT Maximum power point tracking
P&O Perturb and Observe

TEG Thermoelectric generator

TE Thermoelectric

ORC Organic Rankine Cycle

SMC Sliding Mode Control

MPC Model Predictive Control
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