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Abstract—Reactive power support is critical in grid voltage
regulation, particularly for grid-scale storage and utility-scale re-
newable systems applications. As per IEEE Standard 1547(2018)
Clause 5, around 40-44 % of the rated apparent power, is required
to support reactive power when the rated active power is drawn
or supplied to the grid for voltage regulation. The cascaded multi-
level converter configuration is widely adopted across various
medium voltage applications due to its modular nature, improved
efficiency, and adequate power handling capabilities. However,
existing literature on medium voltage AC (MVAC) to low-voltage
DC (LVDC) applications lacks discussion on redistributing reac-
tive power among each H-bridge module series connected to the
MVAC grid to improve performance. This paper proposes a novel
control algorithm for MVAC to multi-port LVDC applications.
The algorithm ensures autonomous P() control for each module
cascaded across the MVAC grid and provides a methodology
for efficiently distributing the total reactive power demand
within each module. The proposed control strategy is validated
through PLECS simulations, wherein two H-bridge modules are
connected to a 1 kV single-phase (1¢) grid in a 10 kVA rated
system, with each H-bridge module maintaining a DC voltage of
1.3 kV. Experimental validation is done by flowing 200 W of active
power and 200 VAR of reactive power through a 230 V 1¢ grid
connected to two cascaded H-bridge-based systems, maintaining
the DC bus voltage at 200 V.

Index Terms—Multi-level Inverter Control, Autonomous PQ)
Control, Reactive Power Support

I. INTRODUCTION

Cascaded H-bridge fed multi-level inverters have emerged
as a promising solution for high-power applications requiring
medium voltage grid integration, including renewable energy
systems, grid storage, electric vehicle fast charging, etc. These
inverters utilize multiple H-bridge cells (modules) connected
in series to generate output voltages with several voltage levels.
This reduces total harmonic distortion (THD) and produces
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high-quality output voltage, enabling efficient power conver-
sion. Additionally, the modularity of cascaded H-bridge in-
verters allows for scalability and flexibility in design, enabling
easy adaptation to different voltage and power requirements.
By distributing the voltage across multiple semiconductor
devices, cascaded H-bridge inverters can operate at lower
switching frequencies while maintaining high-quality AC side
currents. This reduces switching losses and thermal stress on
individual components, prolonging the lifespan of the inverter
system and improving overall efficiency and reliability.

IEEE-1547(2018), Clause 5 highlights the necessity of @
support for grid stability, which is crucial for utility-scale
renewables and grid storage applications. In addition, reac-
tive power support is also required to meet local demand.
Conventional dq control enables independent regulation of
grid system’s total active (P) and reactive () power. How-
ever, redistributing different P and @ within each module
of a multi-level inverter has not been extensively explored.
Effective distribution of ) within modules can improve the
operating range while maintaining linear modulation without
harmonic injection.

The control scheme described in [1] addresses the control
scheme of single-phase (1¢) grid-connected cascaded H-bridge
multi-level inverters for photovoltaic (PV) applications. In this
setup, n modules are cascaded across the grid. A cumulative
DC bus voltage control loop governs the generation of the total
modulation signal based on the system’s overall active power
(P) requirement. Each module has its DC bus voltage control
loop responsible for generating modulation signals up to the
(n — 1) module. For the n'" module, the modulation signal
is derived by subtracting the summation of the modulation
signals of the first (n — 1) modules from the total modulation
signal. The n!* module addresses the entire reactive power
(Q) demand and its own P demand in this control strategy.
In contrast, the other (n — 1) modules only support their
respective P demands. This approach may result in the over-
modulation of the n” module when significant ) support is
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Fig. 1. Power Architecture of Cascaded H-bridge fed Grid

needed by the grid, potentially leading to the under-utilization
of the other (n — 1) modules and poor power quality.

[2] discusses the control of a cascaded H-bridge-based
solid-state transformer, where an average DC bus voltage
loop is employed to generate a collective modulation signal
for all modules. Subsequently, individual DC bus voltage
control loops are utilized to fine-tune the average modulation
signal to accommodate each module’s specific active power
(P) requirements. Notably, in this control scheme, the total
reactive power (()) demand is uniformly distributed among
all modules, precluding the ability to regulate each module’s
reactive power independently. This lack of flexibility in @
control may result in the under-utilization of modules that
handle lower P loads and push the modules handling higher
power to over-modulation.

The control strategies discussed in [3]- [9] elucidate the
operation of cascaded inverter-fed grid-connected systems,
where the total modulation signal is determined based on
the aggregate P demand. Subsequently, each module’s mod-
ulation signal is generated proportionally to its respective
P requirement. In this control framework, modules tasked
with supplying higher active power are allocated a greater
share of reactive power, and conversely for those handling
lower P. This approach, however, may inadvertently promote
under-utilization of modules handling lower P loads while
potentially leading to over-modulation in modules supporting
higher P loads. Notably, these litterateurs do not delve into
the flexibility to independently control () for each module,
irrespective of their active power output.

The literature encompassing [10]- [13] explores hybrid
modulation techniques, while [14] delves into model predictive
control for cascaded H-bridge-fed grid-connected systems,

focusing on voltage and power regulation. Notably, none of
these works address the independent control of reactive power
(Q) in each module.

This paper proposes a novel control strategy for PQ control
of cascaded H-bridge multilevel inverter-fed grid-connected
systems. The contributions of this study are as follows: (a)
Introducing a control strategy that enables independent control
of both active (P) and reactive ((J) processing for each mod-
ule. (b) Presenting an algorithm for efficiently distributing the
total reactive power ((Q) requirement. The proposed algorithm
extends the utilization range of each module, mitigating the
risk of modules entering into over-modulation.

The paper is organized as follow. Section II provides the
complete power architecture. The proposed control algorithm
is detailed in Section III. Section IV, elaborates the per-
formance parameters of designed controller. Simulation and
experimental results are presented in Section V. Finally, the
paper is concluded in Section VI.

II. SYSTEM DESCRIPTION

The power architecture, as depicted in Fig. 1, showcases
a cascaded configuration of n H-bridge converters (modules)
filtered through an LCL filter before being connected to
the grid. Each module’s DC port interfaces with individual
PV/grid storage units followed by isolated DC-DC converters
(Vaek|k=1,2,...,n), offering bidirectional power flow capability.
The H-bridges are equipped to adjust the reactive power de-
mand (Qy) in compliance with standards. Here, v jx=1.2,... n
represents the modulated voltage of the k'" bridge, while
v; denotes the combined modulated voltage of all H-bridges
before filters. v, represents the grid voltage. Furthermore, i,
and ¢, denote the grid side and bridge side inductor currents,
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Fig. 2. Proposed Control Architecture of Cascaded H-bridge connected Grid System

respectively. The parameters Ly, L4, and C'y represent the grid
side filters, while C' stands for the DC bus filter capacitor.

ITII. PROPOSED P() CONTROL ALGORITHM
A. Independent PQ Control Algorithm of Each Module

The generalized dq control architecture for grid-connected
cascaded H-bridge converters is depicted in Fig. 2(a). Here,
Vaer tepresents the DC port voltage of the k' module,
where k = 1,2, ..., n. In rectifier applications, each module’s
DC bus voltage loops provide individual power references
(P,:‘| k:m,_”,n) for a specific module. The total active power
demand is then expressed as P.., = ZZZI Py, and if the
reactive power transferred by the k' module is Qf, then
Qreq = ZZ=1 Q.- Based on P,.q and Q.4 (as mentioned in
section 1), inner current loops are executed to generate v;4 and
V;q. Subsequently, the modulation signal for v; is generated
by applying inverse Park transformation on v;4 and v;4. Since
the current flowing through the modules is identical, this is the
only state variable. Here, x4 and x, are the Park-transformed
components of x, where z € {vg,ir,v;}.

The combined voltage, v;, can be expressed in terms of v;
as shown in Equation (1), which can be further represented in
the dq domain as expressed in Equation (2). Here, v;;q4, and
Uikq are the Park-transformed parameters of v;.

V; = S0iklk=1.2,..n (1)
Vid = 2Vidk 5 Vig = LVigk ()
. 1 ) . B
P +jQr = §(U¢dk + Jjvigk)* (ind + Jirg) (3)

The equation for power transfer by the k' module to the
grid is expressed as (3), which can be further represented in
terms of active and reactive power as (4) and (5), respectively.
Utilizing (4) and (5), viqr and v;q;; can be derived and are
expressed in (6) and (7), respectively.

2(Plira + Qiirg)

Vidk = - - 6
idk Z%d n Z%q ( )
S 2(Prirg — Qkira) 7
ak Z%d + Z%q
Viek = Vi, + Vi 3

It is observed from (6) and (7) that the active (P}) and
reactive (Q}) power references for the k" module can be set
independently of any other module for a given i74 and irq.
The active power P} for any k" module is determined from its
respective Vi r loop as illustrated in Fig. 2(a). The algorithm
for distributing Q;..q within individual modules is discussed
in the next section (III-B).

B. Reactive Power Distribution Algorithm

For a given Q,c4, the reactive power reference (Q7) for
the £** module can be obtained from the constraint of over-
modulation as expressed in (8). Combining equations (6), (7),
and (8), the limit of reactive power (Qy) for a given P} for
the &£** module is given in (9). Hence, the maximum reactive
power processing capability (Q(maz)) of the k" module for
a given P} can be determined using (9). Consequently, )} can
be determined using (10). From (9) and (10), it is observed that
the total reactive power demand will be distributed among the
modules such that the module processing more active power
handles less reactive power to avoid over-modulation.

oy e (%) 4 ()} - 7= Guinr ©
Qk(maz)
2 =1 Qm(maz)

The complete proposed control architecture for MVAC
to multi-port LVDC is illustrated in Fig. 2. Individual

QZ = Qreq (10)

1 ) ) Vacr loops provide power references Fj;. The values of

P, = 5( idkiLd + VigkiLg) “ v;q and wv;, are generated from the total active power

1 (Preq = Y. Pflk=1,2,...,n) and reactive power (Qreq =

Qr = §(UidkiLq — VigkliLd) (%) Y Qilk=1,2,...,n) references. For a given P}, V7, i},
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Fig. 3. Battery Charging Application: (a) Step Load Change in Module-1. (b) Step Load Change in Module-2. (c) vg, and iy during the Load Transition.
Battery Discharging Application: (d) Step Load Change in Module-1. (e) Step Load Change in Module-2. (f) vg, and ¢4 during the Load Transition.

i1, and Qreq, @ is calculated using (9) and (10) as shown
in Fig. 2(b). Subsequently, with the assistance of P; and Q7,
Viax and ;4 are generated using (6) and (7), respectively, up
to the (n — 1)** module, as shown in Fig. 2(c). For the n'"
module, v;4, and v;4, are generated using (2) for the given
Vids Vigs Vidk|k=12,...,(n—1)> a0d Vigrix=12... (n—1), satisfying
the KVL equation (as shown in Fig. 1).

The proposed control strategy guarantees independent PQ)
control along with @ distribution in each module, thereby
avoiding over-modulation up to the limit of linear modulation
without the need for complex control or harmonic injection.
This distribution also improves the utilization range of each
module. While the control strategy is elucidated in the context
of rectifier applications, it can be seamlessly extended to in-
verter applications as well. For grid-tied inverter applications,
the v, loop will be absent, and active power references (FP;)
may come from the maximum power point tracking (MPPT)
controller or battery management system (BMS).

IV. CONTROLLER DESIGN

The current and voltage plants are represented by (11)
and (12), respectively. The designed voltage and current loop
control parameters for the given filter parameters listed in
Table I are presented in Tables II and III, respectively.

ia iy 1

TABLE I
FILTER PARAMETERS
Ly Lg Cy C
412mH | 1.88 mH | 0.4 uF | 0.47 mF
TABLE II
VOLTAGE LOOP CONTROL PARAMETERS
Kp K; Wye PM
115 | 1499 | 30 Hz | 90°
TABLE III
CURRENT LOOP CONTROL PARAMETERS
Ky K; Wye PM
75.396 | 24.88 | 2 kHz 90U

V. RESULTS AND DISCUSSION
A. Simulation Results

The proposed control algorithm is validated through PLECS
simulation with two modules cascaded across a 1kV single-
phase grid, each maintaining a 1.3kV DC bus voltage. Sim-
ulation parameters include a 21kHz switching frequency and
a 10kVA system rating. For the battery charging application,
shown in Fig. 3(a)-3(b), step load changes from 100% to 50%
for module-1 and 50% to 100% for module-2 are applied

via = Via = W (1) around 0.5 5. A resist.iv.c'load across each module is.cmulated
as battery. Module-1 initially consumes 4 kW of active power
Vdck _ 1 (12) and provides 0.8 kVAR of reactive power, increasing to 1.2
Pk CVaer (s + %) kVAR during the load transition. Module-2 absorbs 2 kW
of active power and generates 1.1 kVAR of reactive power,
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decreasing to 0.68 kVAR during its load transition. The control
strategy maintains the DC voltage at 1.3 kV, validating its
effectiveness. Fig. 3(c) illustrates the grid voltage and current
during the load transition, showing no change in current as
total active and reactive powers remain constant within the
modules.

The results for battery discharging application is shown in
Fig. 3(d)-3(f). Similar to battery charging application, a step
power reference changes from 100% to 50% for module-1, and
50% to 100% for module-2 are applied around 0.6s. A fixed
DC bus voltage of 1.3 kV is emulated as battery. Inititally,
module-1 is supplying 4 kW of active power, and consumes
0.8 kVAR of reactive power, which increases to 1.2 kVAR
after the power transition. Similarly module-2 was initially
supplying 2 kW of active power and consumes 1.5 kVAR of
reactive power, which reduces to 1 kVAR during its power
transiton. Fig. 3(f) represents the grid voltage, and current
during the power transition, showing no significant change
in the grid current as the total active and reactive power
remains almost same within the modules, similar to the battery
charging application.

B. Experimental Results

The proposed algorithm is experimentally verified using a
scaled-down prototype with two H-bridges cascaded across
a 230V single-phase grid, each with a 200V DC bus voltage.
SiC MOSFETs (G3R30MT12K) and galvanically isolated gate
drivers (ADuM4135) are employed. Fig. 4(a) depicts the
power and gate driver board with a switching frequency of 21
kHz, while Fig. 4(b), 4(c) shows waveforms for v;, 44, v;1, and
v;2. The observed power contributions affirm the effectiveness
of the proposed algorithm, with the first module supporting
64.44W of active power and 118.67VAR of reactive power,
and the second module processing 148W of active power and
104.54VAR of reactive power.

VI. CONCLUSION

This paper presents a novel control strategy tailored for
a cascaded H-bridge fed grid-connected system designed for
MVAC to multi-port LVDC applications, ensuring compli-
ance with the IEEE 1547(2018) standard, Clause: 5. The
system architecture is comprehensively described. A detailed

autonomous P and @ control algorithm for each module is
provided for the grid-integrated system, offering sufficient
details for implementation. The methodology for distributing
the total reactive power demand of the grid within each module
is elaborated and supported by all necessary mathematical
expressions. Verification of the control algorithm is conducted
through PLECS simulation, and the experiment is performed
on the scaled-down prototype, with the presented results
confirming its efficacy.
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