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With the involvement of renewable energy sources, plug-in hybrid
automobiles, and fault occurrence, power quality has degraded nowadays. The
most effective device utilized in distribution systems to enhance power quality
is the dynamic voltage restorer (DVR). For deep sags, DVR with storage
topology is more beneficial, although it has challenges with converter and

storage element rating. To address this, various converters and energy storage

elements like ultracapacitors are reviewed. In this paper, a DVR with an ultra-
Keywords: capacitor (UCAP) using an impedance bidirectional converter is simulated,
and power quality indices are compared with VSI-BDC. The simulation result
reflects the enhanced capability of the suggested DVR in a wide range of
operations, improved power quality indices, and its effectiveness in swell
conditions. The control of DC link voltage with Pl and model predictive
control (MPC) were simulated and compared.
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1. INTRODUCTION
In the recent past, the quantity of critical loads—Ilike medical equipment in clinics, prisons, and
school. This have increased dramatically, raising significant concerns about the power quality of these delicate
loads. Rapid occurrences like transients, voltage impulses, faults, voltage swells and sags, high-frequency
noise, and complete power loss can all be signs of poor power quality. As a result, this situation leads to
significant financial losses, decreased productivity, outages of critical and sensitive loads, as well as data loss.
The primary issues with power quality are voltage sags, fluctuations, voltage swells, harmonics, transients,
flickers, and interruptions. A reduction in the root-mean-square (RMS) voltage between 0.1 and 0.9 pu is
known as voltage sag during 0.5-30 cycles. Due to various reasons such as faults, starting of large loads, supply
voltage variations, grid loading, starting current, and voltage rise or fall, voltage sag or dip is caused. It causes
lock-up, motor overload or stalling, and misleading data. An increase in RMS voltage between 1.1 and 1.8 pu
during 0.5 to 30 cycles is known as voltage swell. VVoltage swell is due to the start/stop of heavy loads and
supply variations. It causes data loss and damage to equipment. VVoltage sags are the most serious and common
problems with power quality in the contemporary power system, and DVR is the most economical way to
reduce them [1].
Dynamic voltage restorer (DVR) topologies have been the subject of an ongoing search due to a number
of factors, including the desire to increase device economics and technical performance, efficiency, and
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incorporation of new technologies [2]. Soomro et al. [3] proposes DVRs without stored energy, enabling direct
conversion of AC-AC using sliding mode control. The performance and cost of several DVR topologies, both
with and without energy storage, are examined [4], and the stored energy topology is recommended despite its
complexity and expense.

Many researches have been done in recent years to improve DVR operating performance and reduce
expenses with stored energy. A variety of rechargeable energy storage technologies based on batteries (BESS)
and superconducting magnets (SMES), ultracapacitors, and fuel cell integrated DVRs are examined using
various control and compensation techniques to enhance the quality of power [5]-[8]. Compared to all, ultra-
capacitors (UCAPs) have emerged as a viable substitute due to their long cycle life, quick charge/discharge
capabilities, and high-power density compared to batteries. Shah et al. [9] proposes new sliding mode control
for UCAP-integrated DVR. To effectively use UCAPs with a DVR, a DC-DC bidirectional converter is
essential to connect the UCAP bank with the DC link of the voltage source inverter (VSI). A voltage source
inverter needs an additional converter to boost the voltage, which increases the cost.

Thus, the topologies of bidirectional converters have undergone extensive research and optimization
recently for various applications [10]. To obtain a wide range of voltages and eliminate short circuit problems,
impedance source inverters are recommended [11]. To develop bidirectional DC-DC converters with a wide
voltage conversion range appropriate for integrated energy storage systems, both isolated converters based on
transformers and non-isolated converters based on impedance networks are being investigated. Impedance-
source inverters (ZSI) are used in services like low-voltage ride through (LVRT) and adjustment of reactive
power, grid integration, and electric vehicles [12]-[15]. Z-source inverter pulse width modulation approaches
are analyzed [16]. The performance outcomes of DVR's enhanced strategy are discussed [17], [18]. The
isolated bidirectional converter topologies are used in DVR to compensate sag and swell [19], [20].

The authors of the paper [21] proposed a self-tuned fuzzy controller that is comparable to the PI regulator
technique for DVR control. The application of fuzzy logic-based Pl in systems such as custom power devices is
limited by the membership function's formulation. The control algorithm was modified by Naidu et al. [22] for
DVR control, and it produced an agreeable result in multi-disturbance compensation. Tuning of Pl controller in
DVR using the least mean square (LMS) method, optimization algorithm was discussed in the literature [23],
[24]. Recent research on model predictive control gives better optimization results than PI controllers [25].

In this paper, the benefits of DVR and UCAP, a bidirectional impedance source inverter, are
combined. It focuses on how a bidirectional impedance converter with an ultracapacitor might improve DVR
performance. Due to their low energy density and high-power density, UCAP can handle higher power levels
for longer periods of time, which can reduce sags and swells. When these energy storage components are
included, grid failure is eliminated. Simulation using a Pl and model predictive control (MPC) controller was
also explored.

2. METHOD
2.1. Conventional DVR system

The DVR schematic for a low-voltage network is displayed in Figure 1. When a supply-side voltage
disturbance occurs, the DVR, a power electronic device, responds by injecting the necessary voltage at the load
side. Additionally, DVR mitigates supply-side disruptions for significant and sensitive loads. Typical DVR
configurations consist of an energy storage unit linked to a DC-link capacitor, output filter, injection
transformers, and a VSI [19].
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The load voltage, supply-side voltage, and injected voltage could be related according to (1).
Vicaa = Vs + Vinj (1)

DVR systems can take advantage of direct energy storage methods like SMES, batteries, or ultracapacitors.
With their high responsiveness and long lifecycle, UCAPs are outperforming traditional storage in short-
duration, high-power applications. Similar to a battery, a UCAP's voltage profile changes as it releases energy,
hence it cannot be directly connected to the DC link of the inverter. To retain the DC-link voltage steady, a
bidirectional DC-DC converter serves as an interface between UCAP and VSI. This study [7] uses a
bidirectional DC-DC converter that functions as a buck converter while charging the UCAP from the grid and
as a boost converter when releasing power from the UCAP. Average current mode control, which has been
well examined in the literature, is used to regulate the output voltage of the bidirectional DC-DC converter in
both buck and boost modes when charging and discharging the UCAP bank.

Output DC link voltage Vou and reference voltage V(s are compared in average current mode control
[7] displayed in Figure 2, and a voltage compensator receives the error after that provides a reference value for
current (luerer). The control signals are then sent through a current compensator, which generates the pulses for
the switches. Thus, the necessary voltage is injected during sag and absorbed during swell. The converter’s
rating can be computed as (2).

Spower = |1 — a| where a=sag depth 2)

The operational range and efficiency of these converters are not substantially enhanced. Although a
VSI with bidirectional capability provides significant flexibility, such as grid support, regenerative braking,
and energy storage it is associated with several drawbacks, including higher cost, reduced efficiency, complex
control requirements, stability concerns, and the necessity for bulky passive filters.
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Figure 2. BDC with average current mode control

2.2. Proposed model

Impedance source inverters can operate efficiently even when the input voltage varies widely (as in
the case of UCAP), and they eliminate the need for an additional converter and a DC-link capacitor. Reliability
is improved by utilizing the shoot-through states. To extend the operating range, enhance effectiveness, and
reduce stress on the switches, a ZSl-based bidirectional inverter is proposed, as shown in Figure 3.

To mitigate all forms of voltage sag and swell across a wide operating range, a UCAP and a DVR are
integrated using a ZSl. A distinct feature of the ZSI is the shoot-through state, an additional switching mode
that enables voltage boosting. In this state, the top and bottom switches of the same inverter leg are turned on
simultaneously, which effectively short-circuits the load terminals. Unlike in a conventional VSI (where this
would cause damage), the impedance network of the ZSI safely handles shoot-through and boosts DC-link
voltage. The ZSI increases the DC voltage during the shoot-through interval (Tsnoot). The boost factor can be
adjusted by varying the shoot-through duration. In the simple boost control method, the shoot-through period
is generated by comparing a triangular carrier waveform with two constant DC reference voltages. This
produces the required switching pulses and determines the shoot-through duration.
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The voltage equation related with impedance network is (3)-(5):

Ver = Ve = V¢ 3)

Vii=V,=V, (4)
1

B =———— 5

1_2Tsf;aot ( )

where B-boost factor and T-switching frequency. The inverter's output peak ac voltage is expressed as (6):

Vae = M.B.2 (6)
where the modulation index is M, Vg is the capacitor input voltage.

By controlling the boost factor and modulation index of the impedance network, the output voltage
can be varied, and hence deep sags and swells can be cleared. A bidirectional switch is used instead of a diode,
and it is closed during the active state and open during the shoot-through state. The control circuit is shown as
above in Figure 4.

The dg-control approach is used to identify voltage sags, then the identified signal is compared with a
triangular carrier waveform to generate the required switching pulses. Shoot-through states are introduced through
a simple boost control algorithm, with the boost factor regulated by monitoring the DC link voltage in accordance
with the depth of the sag. By appropriately coordinating the modulation index with the boost factor, a broad range
of output voltage levels can be achieved. Consequently, during the occurrence of voltage sag and swell conditions,
the proposed method is capable of significantly enhancing the overall power quality of the grid.
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Figure 4. Control circuit of DVR
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2.2.1. Proposed method with PI controller to control DC link voltage

A PI controller can be used to maintain DC link constant. If the DC-link voltage is stable and sustained
at its reference value, the DVR can generate an accurate and continuous compensating voltage. The UCAP
serves as the energy source, providing fast charging and discharging to supply or absorb the required power
during voltage sags, swells, or transients. Therefore, DC-link voltage is constant through PI control, which
ensures proper energy exchange between the UCAP and DVR, stable converter operation, and reliable voltage
restoration, ultimately safeguarding sensitive loads from power quality issues.

2.2.2. Proposed method with MPC controller to control DC link voltage

Figure 5 illustrates the MPC control of shoot-through pulses. MPC evaluates different possible control
actions and selects the one that reduces a cost function, typically defined to reduce the deviation of DC-link
voltage compared to the reference value while also considering system constraints such as current and
switching limits. This predictive and optimization-based approach enables precise and robust regulation of the
DC-link voltage, especially under fast load variations and dynamic operating conditions, making it more
effective than traditional Pl-based controllers.
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Figure 5. DC link control using MPC

3. RESULTS AND DISCUSSION

The sag and swell modes of voltage source-fed DVR with a bidirectional DC-DC converter and
bidirectional impedance inverter are simulated. The parameters of the system employed in this investigation
are listed in Table 1. An 11 kV, 50 Hz grid system provides 1.5 kW of power to the load using an
11 kVv/400 V transformer. In 0.1-0.3 seconds, the system experiences 70% swell and 50% sag.
MATLAB/Simulink is used to analyze the DVR's sag and swell situations.

3.1. VSl with BDC

In the first case, VSI-BDC, a voltage sag of 50% is created in the system, and the sag is detected using
the vector control method. The PLL continuously tracks phase angle and supply voltage frequency, providing
a reference for the synchronous reference frame (d—q transformation). The conversion from three-phase
quantities (abc) to the rotating d—q frame is accurate, allowing precise separation of active (d-axis) and reactive
(g-axis) components. By controlling these components independently, the reference signal for generating PWM
for the inverter is generated. Without PLL, the DVR would not be able to align its reference frame with the
grid, which would result in poor compensation performance during disturbances like sags, swells, or
unbalances. The inverter draws energy from UCAP through a bidirectional converter and injects the missing
voltage. UCAP discharges through BDC to the DC link of VSI. In Figure 6, plots of the voltage sag are
presented for 50% sag between 0.1 and 0.3 s, and it can be observed that total harmonic distortion (THD) is
improved to 3.75%. The experiment demonstrates that the VSI-BDC setup with vector control and PLL
synchronization can mitigate a +70% voltage swell effectively in Figure 7. Load-side voltage is restored within
acceptable tolerance in less than 10 ms, the DC-link remains stable, and THD is improved to 8.24%.
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Table 1. Source parameters

Parameters Value
Source parameters Fundamental frequency 50 Hz
Source voltage 11 KV (L-L, rms)
Load parameters Sensitive load 1.5 kW
DVR Filter inductor 6 mH
Filter capacitor 20 pF
Transformer rating 1.5 kVA
Turns ratio 5/1
Impedance converter  Capacitor (C1, C2) 100 pF
Inductor (L1, L2) 0.833 mH
UCAP 165 F,48 V, 3 nos
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Figure 6. VSI with a bidirectional DC-DC converter during sag
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Figure 7. VSI with a bidirectional DC-DC converter during swell

3.2. Bidirectional ZSl-based DVR
3.2.1. Without DC link voltage control

In this case, the DVR was tested under different grid disturbance conditions without employing active
DC-link voltage control. A 50% voltage sag and a 70% swell were applied at point of common coupling (PCC)
for a duration of 0.2 s each. The DVR, using the bidirectional Z-source inverter topology, was able to inject
compensating voltages through its series transformer to restore the load voltage close to the nominal value.
Shoot through ratio was selected as 0.25 so that boost factor is 2 and UCAP 100 V boosted to 200 V in
DC-link of inverter.
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The simulation circuit of the bidirectional ZSl in the DVR system is given in Figure 8. The overall
circuit typically includes a three-phase controlled AC source, step down transformer, and a load. Inside the sub
circuit of DVR shown in Figure 8, impedance source inverter (ZSI) connected to UCAP, control circuit to
generate pulses, filter, and series injection transformer are integrated.

The recorded waveforms in Figures 9 and 10 show that during both sag and swell conditions, the DVR
successfully reduced the disturbance impact at the load terminals. THD of the load is improved to 3.35% in
sag and 2.28% in swell. However, due to the absence of a DC-link regulation loop, the capacitor voltage of the
Z-source network experienced significant fluctuations. The THD of the swell condition of VSI-BDC DVR and
ZSI DVR are compared in Figure 11. The THD is improved from 8.24% to 2.28%. Thus, effectively mitigates
the swell condition.
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Figure 8. Simulation circuit of bidirectional ZSI
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Figure 9. Bidirectional ZSI during sag
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3.2.2. With DC-link voltage control using PI controller

In this case, the bidirectional ZSl-based DVR was tested with an active DC-link voltage control loop
integrated into the system. The same disturbance conditions were applied as in the previous test: a 50% voltage
sag and a 75% swell, each lasting 0.2s. Shoot through ratio are decided from the error signal of DC-link voltage.
With the DC-link control enabled, the DVR demonstrated significantly improved dynamic performance and
stability compared to the uncontrolled case as shown in Figure 12.

The measured results show that the load-side voltage was restored with THD of 2.69% and 2.25%
during both sag and swell events. The injected compensation voltage closely followed the reference profile
without overshoot, confirming precise control of the Z-source network. Importantly, the DC-link voltage was
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maintained stable within +2% of its nominal value, preventing the capacitor over-voltage or under-voltage
observed in the uncontrolled case.
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Figure 12. DC link voltage using PI controller

3.2.3. With DC-link voltage control using MPC controller

To further enhance the performance of the bidirectional ZSl-based DVR, a MPC strategy was
implemented for DC-link voltage regulation. With MPC control, the DVR achieved superior transient response
and voltage restoration compared to both the uncontrolled and Pl-controlled cases. The recorded results show
that the DVR compensated the disturbances effectively, maintaining the load voltage within £2.6% of nominal
during both sag and swell events.

The overall results are compared in Table 2. The results clearly indicate that the bidirectional ZSI
structure outperforms the conventional VSI by providing lower harmonic distortion for both sag and swell
conditions. Furthermore, incorporating advanced DC-link control enhances performance, with MPC-based
control offering the best overall THD reduction, making it the most effective option among those compared.

Table 2. The performance of DVR

Method THD-sag THD-swell
BDC with VSI 3.75% 8.24%
Bidirectional ZSI 3.35% 2.28%
Bidirectional ZSI with PI control for DC link 2.69% 2.25%
Bidirectional ZSI with MPC control for DC link 2.63% 2.1%

4. CONCLUSION

In this paper, the bidirectional impedance converter is used to integrate UCAP into the DVR's DC-
link. Temporary voltage surges and sags are mitigated by this converter. These converters are used to handle
load levelling, peak power needs, and short-duration blackouts. ZSI enables a broad range of operation and
quick recovery during swell time, resulting in high gain voltage at the output during sag. During swell time,
the THD of ZSI with a bidirectional converter is enhanced from 7.01 to 3.61%. UCAP is charging during the
swell period and discharging during the sag period. The UCAP-DVR system has active power capabilities and
automatically adjusts for transient sags and swells without relying on the grid. The combination of predictive
switching and DC-link voltage regulation enables the DVR to deliver superior power quality to sensitive loads
under dynamic grid disturbances.
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