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ABSTRACT

Integrating renewables into compact Electric Vehicle charging networks poses challenges like voltage imbalances and power oscillations. A recent study tackled
these with a novel control strategy for a three-phase modified switched Z source grid-tied converter. Unlike traditional methods using oversized capacitors, this study
employed extra proportional integral (Pl) control loops to eliminate negative sequence components. Simulation results showcased the potential of the finite set-model
predictive control (FS-MPC) in reducing Direct Current-Link variations from double-frequency ripples. The removal of redundant Pl control loops also boosted control
unit efficiency. The study introduced an improved modified switched Z source design, refining control logic. The predictive control algorithm effectively mitigated
active power oscillations without extensive gain tuning, even with unbalanced grids, ensuring IEEE 519™-2014 compliance. This research addresses power quality
concerns in EV charging infrastructure, offering a practical solution for stable and efficient operations. By adopting the FS-MPC strategy and integrating the modified
switched Z source design, the study optimizes power flow and enhances EV charging reliability.
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I. INTRODUCTION

Increasing energy demand requires integrating renewable sources reducing emissions versus
traditional facilities [1]. However, this strains alternators, demanding precise voltage and fre-
quency control, raising costs, and shortening lifespan. Renewable variability necessitates backup
power to prevent failures [2], stressing the importance of continuous power. These issues lead
to problems like frequency deviations, voltage fluctuations, harmonic distortion, and flickering,
endangering system stability if unaddressed [3].

Unbalanced voltage concerns in AC microgrids diminish power quality and hasten battery
deterioration according to article [4]. Without battery storage, renewable sources fail to supply
peak demand unless peak hours coincide with their operation [5-7]. Researchers in [8] improve
dependability by simplifying power conversion. The fundamental impedance source network
converter with buck-boost capabilities has promise for a wide range of power applications. This
circuit, which employs an X-shaped network with two inductors, two capacitors, and six power
switches in an H-bridge arrangement, outperforms traditional boost converters in terms of reli-
ability and cost-effectiveness [9].

Article [10] explores the bidirectional capabilities of the quasi-modified switched Z-source
inverter (Bi-q MSZSI) versus the conventional bidirectional quasi-Z-source inverter (Bi-q ZSI). It
focuses on improving power exchange between the electrical grid and energy storage, especially
for uninterrupted power flow (UPF) and grid support, emphasizing the advantages of Bi-q MSZSI,
especially under balanced grid conditions. It can maintain a constant DC-link with a lower duty
ratio, allowing more modulation index adjustments without compromising bidirectional func-
tionality. The Bi-q MSZSI excels at regulating power exchange between batteries and the grid,
supporting reactive power demands. However, it requires complex control systems and may suf-
fer efficiency losses in bidirectional power conversion. Conversely, the proposed finite-set model
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predictive control (FS-MPC) simplifies control, eliminating extra pro-
portional integral (Pl) loops, even under non-ideal grid conditions,
significantly reducing overall control complexity, a notable advance-
ment in control technique.

Laib, Krim, Talbi, et al. [11] used FS-MPC for large-scale grid-con-
nected PV systems, enhancing power point tracking with variable
solar irradiation. They employed rapid voltage-oriented maximum
power point tracking via FS-MP current controller (FS-MPCC) to
boost energy extraction. Their FS-MPC algorithm centralized con-
trol for the grid-connected five-level neutral point clamped (NPC)
inverter, ensuring superior control with improved grid current qual-
ity, DC-link capacitor voltage balance, and overall system robust-
ness versus conventional methods. Liming Liu, Hui Li, Yaosuo Xue,
Wenxin Liu et al. [12] address large-scale grid-connected PV system
challenges using cascaded modular multilevel converters. They pro-
pose a decoupled active and reactive power control strategy, ensur-
ing efficient power distribution. Simulations confirm its effectiveness
in maintaining power quality and stability in cascaded PV systems.

Yaramasu et al. [13] propose model predictive control for high-
power wind energy systems, specifically four-level diode-clamped
inverters. Their approach regulates DC-link voltage, fulfills grid
operator reactive power demands, balances capacitors, and mini-
mizes switching frequency. It selects optimal states via a cost func-
tion derived from a discrete-time model, maintaining a 750-850 Hz
switching frequency. Validation is conducted through simulations
and experiments using the dSPACE DS1103 platform. Yaramasu
et al. [14] present model-predictive control for a high-power wind
energy conversion system’s medium voltage, grid-tied four-level
diode-clamped inverter. It regulates DC-link voltage, fulfills reac-
tive power needs, and balances DC-link capacitor voltages. Using a
discrete-time model, it predicts grid currents and DC-link voltages
for switching states, choosing the optimal state via a cost function.
Demonstrated in simulations and experiments, it maintains a 750-
850 Hz switching frequency.

Level 3 commercial fast charging transforms EV charging, deliver-
ing rapid 1-hour charging at highway rest areas and urban refuel-
ing points, utilizing a 480V or higher voltage three-phase circuit. Yet
residential implementation faces hurdles due to installation costs
($30 000 to $160 000) and upkeep. Public stations employ level 2 or
level 3 chargers for fast charging but must manage local distribution
equipment during peak periods. To solve these issues, integrating
controlled smart charging systems and reliable communication net-
works remains vital for seamless EV integration [15].

The study [16] assesses the Bi-q-MSZSI topology for Vehicle-to-Grid
integration by comparing conventional Pl control involving mul-
tiple cascaded Pl controllers on both the DC and AC sides, requiring
sophisticated tuning with hybrid FS-MPC control utilizing a single PI
controller on the DC side that reduces control complexity. The bi-
g-MSZSI topology with FS-MPC demonstrates superior performance
over Pl control as it addresses oscillation issues potentially extending
battery life by improving transient peak amplitudes and reducing
switching ripples in the battery current.

The article’s key contributions are as follows:

1. The predictive control algorithm successfully mitigates double-
frequency 2w power oscillations at the DC link, outperforming

conventional Pl control.

2. It significantly reduces computational complexity, employing a
single-step optimization across the prediction horizon instead
of multiple control loops.

3. The algorithm markedly decreases current distortion levels,

achieving levels well within IEEE 519™-2014 standards. These
contributions highlight the article’s advancements in address-
ing power oscillations, reducing complexity, and ensuring com-
pliance with distortion standards.

1l. SYSTEM DESCRIPTION

Unbalanced grid voltages in MSZS level 3 chargers cause dou-
ble-frequency ripples in EV DC-links. Solutions include increased
DC-link capacitance or classic control based on instantaneous
power theory. Generating current references with both positive
and negative sequence components minimizes active power oscil-
lations from unbalanced grid voltages. However, more control
loops raise complexity. The proposed predictive control minimizes
DC-link voltage ripples without added complexity. Fig. 1 depicts
the AC microgrid connection and bidirectional Modified quasi
Switched Z Source (MSQSZ) structure for applications like inter-
leaved battery chargers

In the Z source setup of the AC microgrid, the inductor plays a
pivotal energy storage role, offering substantial boosting capa-
bility. To avert inductor core saturation, a high-boost converter
with a reduced duty range is required. Two approaches exist: one
involves a cascaded boost topology, like the hybrid 3-Z boost
topology, incorporating extra diodes and passive elements [17].
The other employs a switched quasi Z-source boost converter
(SQZC) with active components and diodes, providing high boost-
ing with a narrower duty range. However, SQZC requires a con-
stant DC-link input due to the shoot-through state, limiting its
suitability. Modifications in the SQZS configuration [18] resolve
this, allowing for a constant DC-Link and high boost, as shown in
Fig. 2. This setup has promising potential for reliable battery charg-
ing and extended lifespan.
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Fig. 1. Level 3 MQSZS off-board charger for AC microgrid
applications.
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level 3 charger configuration
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Fig. 2. Modified quasi switched Z-source configuration for vehicular applications.

11l. POWER ANALYSIS FOR REFERENCE CURRENT GENERATION
IN WEAK GRIDS

The generic voltages expression in (1) at the point of common cou-
pling in terms of positive, negative, and zero sequence components
denoted by +k, —k, and 0Ok for the kth order harmonic component of
voltage vector e.

_ ok, ok, Ok
e_;(e +efte )
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Similarly, expression in (2) represents the grid current vector i
obtained in terms of sequential components n+ and n— as shown
below.
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As per instantaneous power theory [19], the active and reactive pow-
ers are a dot product and a cross product of the interaction between
generic voltage and current vectors.
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As per [20], the complete power matrix in the synchronous reference
frame for unbalanced or weak grid represented by (3).

Py ey e’ e e,
Pe €4 [ €y qur I.dJr
Pa | € —€q _eq+ €q iq+ (4)
Qo e, —ey e, —eq || iy
Q. e, —es e —e ||
| Qs | | —ed —e, ey e’ |

Calculating power converter-injected current in unbalanced grid
conditions requires the use specific strategies. Slow charger dynam-
ics, continuous power from the grid-tied converter, and disregard-
ing zero sequence voltages are all assumptions. pand g are the
oscillatory active and reactive power components, respectively. The
orthogonal voltage vector é is 90° ahead of é. The oscillating power
terms are reduced when the formulation is simplified.

p
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IV. CONTROL SCHEME FOR MODIFIED SWITCHED Z SOURCE
OFF-BOARD CHARGER

Fig. 3 shows the overall control for MSQZS level 3 off-board charger
configuration to deal with unbalanced operating conditions. The
finite set predictive algorithm (Fig. 4) is an extensively used control
method as it eliminates the need for modulators and Pl control-
lers. The FS-MPC algorithm eliminates the 2@ power ripples in sin-
gle-phase three-leg quasi-converter during unbalance effectively
compared to Pl control [21]. It has a long prediction horizon that
improves the harmonic distortion and significantly reduces the com-
putational burden around 50% by including two variables in the cost
functions [22].

FS-MPC increases performance and stability with lower current dis-
tortion. Fig. 5 depicts the operating principle of the FS-MPC algo-
rithm. Consider the current as a generic system variable sampled
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Fig. 4. Finite set predictive control algorithm for unbalanced operating conditions.
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over a period Ts with k as a finite number of control actions since
control actions are finite in numbers denoted by Sn where n=1 to
m. The predictive current function i, (t(k+1)) depends on control
actions and present measured value of current ip(t(k)). The FS-MPC
algorithm selects the function closest to the reference value such
that the absolute error between the predictive function and the ref-
erence is minimum. Initial predictive value of grid current vectors
obtained shown by the expression (6).
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The quadratic cost function (7) can be written as follows:
C=Cy4+C,
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*
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The above expression equates to zero upon partial differentiation
gives the minimum value.

aCy _

6Cq —
qu(m)

The minimum grid voltage vector in DQ-domain derived from the (8)
can be expressed as

Le | RfT; ) . .
Vd min = Tf{’ d(ref) - (1 - Z j'ld(m) } - O‘)Lf 'I‘7(m) + ed(m) (9)
s f
L | .« ReTs ). .
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These voltage vectors (9) and (10) in the synchronous reference
frame using the Park’s transformation generate the three-phase ref-
erences for pulse width modulation that can further be compared
with the switching signal to produce appropriate switching pulses
for the MSQZSI configuration. Fig. 6 gives brief flow of the proposed
predictive control algorithm below.

V. RESULTS AND DISCUSSION

Inthe EV context, Fig. 7(a) depicts a notable 20% A phase voltage drop
with PI control, causing system imbalance, double-frequency rip-
ples, and disruptive power oscillations. Traditional remedies involve
six Pl controllers, but precision wanes due to negative sequence cur-
rents. However, Fig. 7(b) shows the FS-MPC's effectiveness in curbing

Initialization: Get the Initial current values in synchronous frame of reference using equation (6)

idm +1) = (1~ (Ry* Tu)/Ly).id(m) + T/ Ly * [Va(m) — ea(m) + wLy.iy(m)]
igum + 1) = (1 — (Ry x T2)/Ly). iqum) + Tu/Ly % [Vy(m) — eq(m) +wLy. ia(m)]

!

Construct: Objective Function of quadratic nature using equation (7)

C = |Idyes — Idmir | + |Tdyes — Tdp |

Optimization: Differentiate and equate to zero equation (8)
Ca/0Vd(m)) = 0,0C,/0V(g(m)) = 0

Result: Minimized Reference voltages after optimization in synchronous
reference frame equations (9) and (10)

Vamin = Ly/T,(ij(ref) — (1 — (Rs % Ts)/Ly). iq(m) + wLy.iq(m) + eq(m)
Vymin = L/Ty(ig(ref) — (1 — (R * Ts)/Lg). ig(m) + wLg.ia(m) + eq(m)

Fig. 6. Algorithm for model based predictive control strategy on
novel modified switched Z source converter.
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A Simulation Results for PI Controller
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Fig. 7. Result analysis for (a) conventional PI control and (b) finite
set predictive algorithm scheme under phase A unbalancing with
20% sag.

ripples and power oscillations without needing multiple loops or
complex tuning during voltage imbalances. Regarding EV charging,
Fig. 8(a) exposes phase A current waveform distortion with PI con-
trol, yielding a high 12.76% total demand distortion (TDD), breach-
ing IEEE519™-2014 standards. Conversely, Fig. 8(b) demonstrates the
predictive control’s response to a 20% phase A voltage sag, yield-
ing a TDD of 4.44%, within the acceptable range. Fig. 9(a) under-
scores the challenge of minimizing oscillatory power elements, even
with six Pl controllers, causing significant DC-link variations in the
EV-charging system. Fig. 9(b) spotlights the FS-MPC's potential in
reducing ripples and power oscillations in unbalanced grid voltages.
Fig. 10(a) assesses power quality and reveals an alarming 12.22%
TDD in phase A current waveform, surpassing IEEE519TM-2014
standards. However, Fig. 10(b) attains compliance with a 4.30% TDD,
beneath the 5% threshold. Table | summarizes Fourier analyses,
affirming FS-MPC's superiority in significantly reducing TDD levels
from 12.76% to 4.44% during a 20% phase A voltage sag.

In the simulation, a uniform 10 uS sampling time, totaling 20 sam-
ples for a 5 kHz sampling frequency, ensured a fair Pl controller and
Finite-Control Set Model Predictive Control (FCS-MPC) comparison.
Table Il details various Z source topologies with distinct parameters,
while Table lll compares Pl and FS-MPC, highlighting sample times
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Fig. 8. FFT analysis of phase A current waveform for unbalanced
grid voltages A with (a) conventional PI Control (b) finite set MPC.
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Fig. 10. FFT analysis of phase A current waveform for unbalanced grid voltages A and B with (a) conventional PI control (b) finite set MPC.

TABLE I. TABULATED RESULTS OF PHASE A CURRENT WAVEFORM FFT ANALYSIS UNDER DIFFERENT LEVEL OF UNBALANCING

TDD Levels for Phase A Current

S.N. Type of Unbalance PI Control Finite Set-MPC
1 Sag of 20% in phase A voltage waveform 12.76% 4.44%
2 Sag of 20% in phase A and Sag of 30% in phase B voltage 12.22% 4.30%

TABLE Il. COMPARISON FOR DIFFERENT Z SOURCE TOPOLOGY WITH MODIFIED SWITCHED Z SOURCE CONVERTER

Different Types of Z Source Converters

S.N. Parameters Basic Z Source[24] Quasi Z source [25] Switched Z Source [26]  Modified Switched Z Source[18]
1 Input voltage Ve Vo Ve Vo
1-2D 1-D 1-2D 1-4D
2 Voltage on capacitor C, (V) ivo 1-D v, ivo 1-2D v,
1-2D 1-2D 1-2D 1-4D
2 Voltage on capacitor C, (V) 1-D v D Ve 1-D v 1-2D v
1-2D 1-2D 1-2D 1-4D
3 Voltage stress on the switches (V,, and V.,) 1-D v, 2D v, 1-D v, 1-2D v,
1-2D 1-2D 1-2D 1-4D
4 Current stress on inductor L,(1,,) e Io lo lo Iy
1-2D 1-2D 1-4D 1-4D
5 Current stress on inductor L,(l,,) lo Iy lo Iy Iy
1-2D 1-2D 1-4D 1-4D
6 Input current 1 lo lo Iy Iy
1-2D 1-2D 1-4D 1-4D
7 Constant DC link NO NO NO YES
8 Duty ratio 0<D<0.5 0<D<0.5 0<D<0.25 0<D<0.25
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TABLE IlIl. ANALYSIS BASED ON MATH OPERATIONS REQUIRED BY DIFFERENT CONTROL SCHEMES

Complexity Analysis

S.N. Parameters Conventional Control Scheme Finite Set Predictive Control Algorithm
1 Main controller Pl Controller {[3(x)+5(+)] *2+1(+)} *6 Finite Set-MPC Algorithm{3(x)+3(+) +2(=)} *2
2 Type of block set required with quantity

Pl controller: 06 01

Transformation (Park’s and Clark’s): 04 02

Phase lock loop: 01 01
3 Feed forward path: Required Not required
4 Cross coupling loop: Required Not required
5 Total math operations {37()+28(+) +18(-)} {20(x)+10(+) +6(-)}
6 Relative processing time Very high Low

Note: Each T, requires {6()+1(+) +1(=)}; each Pl controller {2(x)+2(+)}; each cross-coupling loop: {2(x)+1(+)}; each feed forward path: 1(+)

Set point Tracking by different controllers
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Fig. 11. Performance analysis of Pl and FSMPC controllers during step change in reference current id.

and arithmetic operator usage. These results emphasize FCS-MPC's
potential to tackle unbalanced grid voltages, improving EV charging
system power quality, stability, and overall performance.

Fig. 11 illustrates the MPC controller’s robust adaptability to a step
change in the reference current id(ref), in contrast to the PI control-
ler's tracking of the setpoint.

VI. CONCLUSION

Small distributed networks confront imbalance concerns in the con-
text of electric vehicles (EVs) due to poorly linked loads and grid
voltages with a low X/R ratio. These mismatches have an impact
on EV charging infrastructure and performance. Traditional PI
control suffers with negative sequence components, resulting in
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mediocre outcomes. Unbalanced grid voltages distort grid currents
and interrupt the DC-Link voltage, compromising charging and EV
stability. To solve this, the research provides a FS-MPC mechanism
that minimizes negative sequence impact while remaining simple.
Implementing it in EV charging infrastructure reduces grid voltage
impacts and power oscillations, improving efficiency and stabil-
ity. This paper highlights EV charging issues in small networks and
proposes the FS-MPC approach as a possible alternative for increas-
ing infrastructure performance and EV integration into sustainable
energy systems.
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