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Abstract—With the successful commercialization of modular
multilevel converters (MMC) and rapid increase in photovoltaic
(PV) penetration and energy storage systems (ESS), one of
the research areas being explored dynamically is integration
of PV systems and ESS systems to MMCs. On this front, an
integrated development of PV plants, ESS, and alternating- and
direct-current (ac/dc) systems through Multi-Port Autonomous
Reconfigurable Solar (MARS) plant is proposed and being
researched upon. However, simulation of MARS systems on
traditional existing software takes very long time (order of days)
due to the presence of a large number of states and non-linear
devices. Therefore, development of fast high fidelity models is
of paramount importance to test the hardware design, control
design and planning of power system expansions. In this context,
two research objectives are addressed in this paper: firstly,
an ultra fast single- or multi- CPU simulation algorithm to
simulate the MARS system based on state-space models, hybrid
discretization algorithm with a relaxation technique that reduces
the imposed computational burden and a multi-rate method is
presented. Secondly, a reduced order model of MARS is also
presented. Both the developed techniques are validated with
respect to reference PSCAD/EMTDC model.

I. INTRODUCTION

Due to their attractive features, modular multilevel convert-
ers (MMCs) and their variants such as alternate arm converters
(AACs) [1] and cascaded two-level converters (CTLs) [2]
have achieved commercial success in the recent years [3],
[4]. The technical and economic merits of solar integrated
systems (PV) and energy storage systems (ESS) have increased
the installation pace of renewable sources all across United
States. These two achievements have led to growing interest
in research on integration of PV and ESS systems to MMCs.
In this avenue, integration of PV and ESS systems through a
new topology called Multi-Port Autonomous Reconfigurable
Solar(MARS) plant is proposed in this paper.

MARS circuit configuration is novel and different when
compared to the circuit configurations of PV- and ESS in-
tegrated MMC systems proposed in the previous research
endeavors [5]–[8]. The research works in [5]–[8] look into
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Fig. 1: Integration of MARS-HVdc system

either PV systems or BESS systems or both and do not
look at more than 15 SMs per arm. In MARS, normal
submodules(SMs), PV SMs and ESS SMs are co-located in
an arm of a phase leg with more than 200 SMs. The total
number of SMs in three phase MARS system are more than
1200 and number of states being more than 7000. Due to
the presence of thousands of states and hundreds of SMs,
simulation of MARS system is computationally complex and
time consuming. Also, numerical stiffness is identified in
MARS which add to the computational complexity and long
simulation times. These issues call for a unique simulation
algorithm to simulate MARS system. Therefore it is important
to model and simulate MARS with an algorithm to reduce the
imposed computational burdens.

In this paper, two models for fast and accurate simulation
of MARS HVdc systems are presented. Firstly, a high fidelity
model based on hybrid discretization and hysteresis algorithm
is presented in Sections II and III. Secondly, a reduced order
model based on minimal number of states is presented in
Section IV.

The high-fidelity model of MARS helps with evaluating the
hierarchical multi-level controllers. In reduced order model,
averaged-value approach is applied to define the dynamics of
ac-side currents. The states within the PV or ESS systems or
the dc-side currents are neglected. The model helps tune the
higher level controller. The developed models are tested on dif-
ferent systems and validated using reference PSCAD/EMTDC
models under various operating conditions.
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where,

vsmx,y,l,j = vsmnorm,y,l,j(or)vsmpv,y,l,j(or)vsmess,y,l,j ;lx = 1(or)(Nnorm + 1)(or)(Npv + 1);Nx = Nnorm(or)(Npv)(or)(Ness)

II. HIGH FIDELITY MARS-HVDC MODEL

Based on solar resources and load centers, an example of
MARS system integration is shown in Fig. 1. In Fig. 1, upper
arm of phase a is highlighted and shown. The MARS circuit
topology has three phases. Each phase j ∈ (a, b, c) has two
phase-legs, each phase-leg has two arms, and each arm y ∈
(p,n) has total “N” SMs. The SMs can be a normal half-bridge
system, a half-bridge with dc-dc converter connecting to PV
system, and a half-bridge with dc-dc converter connecting to
energy storage. The SMs in each arm are divided into “Nnorm”
normal SMs, “Npv” PV-SMs, and “Ness” number of ESS-
SMs. The arm inductor is sized based on the fault current
limits and the SM capacitor is determined based on capacitor
voltage ripple requirements. The PV- and ESS SM inductors
are sized based on the dc-dc converter inductor current ripple
requirements.

The total number of states within MARS system are
(18Nnorm + 36Npv + 42Ness) + 6. These states include the
arm currents, normal SM capacitor voltages, PV-SM capacitor
voltages, PV-SM inductor currents, ESS-SM capacitor volt-
ages, ESS-SM inductor currents, and semiconductor switching
states (Sylx,j). The arm current dynamics are given in (1). The
comprehensive description of other terms in (1) and normal
SMs’ operation is detailed in [9] and [10].

A. PV SM

The PV system is integrated into an SM using a boost
converter. The inductor current (iLpv) dynamics in the boost
converter are given by (2).

Lpv
diLpv,y,l,j

dt
= vcpv,y,l,j − (1− Syl3,j) vc,y,l,j

× sgn (iLpv,y,l,j) (2)

The dynamics of SM capacitor voltages (vc,y,l,j) in PV-SM
are given by (3).

CSM
dvc,y,l,j

dt
= −vc,y,l,j

Rp
− iy,l,j + (1− Syl3,j)

× (iLpv,y,l,j .sgn (iLpv,y,l,j)) (3)
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Fig. 2: Implementation of five-point model

where,

iy,l,j = −Syl1,jiy,j − (1− Syl1,j) (1− Syl2,j) sgn (iy,j)

The PV input capacitor dynamics (vcpv,y,l,j) are given by (4)

Cpv
dvcpv,y,l,j

dt
= ipv,y,l,j − iLpv,y,l,j (4)

B. ESS SM

The ESS system is integrated into the SM using a bidirec-
tional dc-dc converter. The inductor current (iLess) dynamics
in the bi-directional converter are given in (5).

Less
diLess,y,l,j

dt
= vcess,y,l,j − Syl4,j (1− Syl3,j) vc,y,l,j

× (1− Syi3,j) (1− Syi4,j) vcyi,jsgn (iLess,y,l,j)
(5)

The dynamics of SM capacitor voltages in ESS-SM are given
by (6).

CSM
dvc,y,l,j

dt
= −vc,y,l,j

Rp
− iy,l,j + Syl4,j (1− Syl3,j) iLess,y,l,j

+ (1− Syl4,j) (1− Syl3,j)

× (iLess,y,l,j .sgn (iLess,y,l,j)) (6)

The ESS input capacitor dynamics (vcess,y,l,j) are given by (7)

Cess
dvcess,y,l,j

dt
= iess,y,l,j − iLess,y,l,j (7)



C. PV and ESS Models

Single diode PV model [11] is computationally very expen-
sive to implement in real-time simulation studies. This arises
from the presence of exponential term in diode current of
current voltage equation. To reduce the computational burden,
a five-point PV model based on simulation and empirical data
is developed and validated with generic PV model in PSCAD.
The idea of this model is to generate a look-up table that
outputs the current generated from PV (ipv) based on the
variation of voltage measured at PV terminals (vpv). The five-
point model contains five points in the ipv-vpv curve obtained
from the PV panel datasheet. The five points are (0, Isc),
(Vmp, Imp), (Voc/2, i3), ((Voc+Vmp)/2, i4), and (0, Voc). The
terms i3 and i4 are obtained from ipv-vpv curves. The rest
of the currents are obtained from extrapolating these known
points. Based on these extrapolated curves, ipv is generated
which feeds into the dc-dc converter. The implementation is
summarized in Fig. 2.

The ESS model consists of a voltage source Eb and an
internal series resistance Rbatt. In this model, the battery’s
state of charge (SOC) is considered [11].

III. SIMULATION ALGORITHM FOR HIGH-FIDELITY
MARS MODEL

MARS system can be represented as a non-linear non-
autonomous switched system and derived as a system of
semi-explicit differential algebraic equations (DAEs). The so
derived high-fidelity model of MARS is partitioned based on
the numerical stiffness associated with the states and then the
seperated states are discretized using the hybrid discretization
method described in [9].

Numerical stiffness is observed in arm currents and inductor
currents dynamics of both PV and ESS SMs under blocked
condition scenario. This is due to the presence of the sgn
function in (1). In the capacitor voltages’ dynamics numerical
stiffness is not observed, as the sgn function present in them
is treated as an external input.

The SM capacitor voltages’ dynamics, and PV and ESS
input capacitor dynamics are discretized using forward Euler,
which is a non-stiff explicit discretization algorithm. Implicit
discretization algorithms with stiff-decay and A-stable proper-
ties such as backward Euler are used to discretize the arm
current dynamics and inductor current dynamics. In com-
parison to conventional simulation of MARS system, hybrid
discretization-based simulation reduces the matrix size to 5 ×
5 from (6(Nnorm+Npv+Ness) + 5) × (6(Nnorm+Npv+Ness)
+ 5). In addition to the whole system matrix size reduction, the
matrix size reduction in the dc-dc converter is also observed. If
hybrid discretization is applied like in [9] alone, PV- and ESS-
dc-dc converters will require 6(Npv+Ness) inversions of (2×2)
matrices in comparison to simple arithmetic computations of
6(Npv + Ness) equations. This results in huge reduction of
computational costs as inverting a 5×5 matrix and calculating
simple arithmetic equations is computationally inexpensive.

To reduce the stiffness in the PV and ESS SMs, a hys-
teresis relaxation technique is introduced that approximates
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Fig. 3: Hysteresis relaxation technique for PV- and ESS-SM
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tion

the voltage across the switches in the dc-dc converters of PV
and ESS SMs.The proposed hysteresis relaxation technique is
shown in Fig. 3. In the case of PV- and ESS SM, the modified
voltage across dc-dc converter switch under blocked operating
condition is implemented as follows:

ṽs3[k] = vs3nx,y,l,j [k] + iLx,y,l,j [k]Rx,y,l,j [k], (8)

where vs3nx,y,l,j [k], iLx,y,l,j [k] and Rx,y,l,j [k] are defined in
(9). The detailed implementation of MARS-HVdc simulation
algorithm is summarized in Fig. 4.

IV. REDUCED-ORDER MODEL

The block diagram of the reduced-order model of MARS
system is shown in Fig. 5, with the assumption of balancing
SM capacitor voltages (Vsmnorm, Vsmpv, and Vsmess)with neg-
ligible ripple. It is worth noting that mu

i and ml
i, i = 1, 2, 3 are

the modulation indexes for normal-, PV- and ESS-SMs, which
are computed by the controller. The reduced-order model of
MARS consists of the equivalent model of hardware as shown
in Fig. 6 and the upper-level controller. In the equivalent model
of MARS hardware, the voltage in each arm is averaged to
remove the switching dynamics in (1). The voltage in each
arm is modelled using an externally controlled voltage source,
with the external input signal dependent on the upper-level
controller. In this model, the capacitor voltages of all the
SMs in the arms are assumed to be balanced and the same.
The reduced-order model of MARS is controlled to generate
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dispatched active and reactive powers into the grid. The upper-
level controller takes power commands as inputs to control
the ac-side currents in MARS and power commands being
the function of dispatch commands. Based on the available
PV- and ESS power ratings, and MARS system real and
reactive power ratings, maximum and minimum power limits
are imposed on the upper-level controller.

V. SIMULATION RESULTS & VALIDATION

The proposed algorithm is tested on two MARS systems.
The first test system is a hypothetical 50 SM MARS system
used to expedite the validation process of MARS system on
PSCAD platform. The test system consists of 14 normal SMs,
26 PV SMs and 10 ESS SMs. The second test system is

benchmarked based on Trans Bay Cable project in Pittsburg,
California [12]. Assuming 150 kW, 1 kV PV and ESS sub-
modules (SMs), the number of each type of SM required in
Pittsburg MARS are tabulated in Table I. The size of PV and
ESS SMs are determined based on utilizing 200 A, 3.3 kV
SiC devices.

TABLE I: Pittsburg MARS system parameters

Parameter Value
System rating 400 MW
dc bus voltage (Vdc) ±200 kV
ac side voltage (Vac) 220 kV
PV system power rating (PPV) 100 MW
ESS system power rating (PESS) 32.8 MW
Number of normal SMs per arm (Nnorm) 102
Number of PV SMs per arm (NPV) 111
Number of ESS SMs per arm (NESS) 37
Total number of SMs per arm (N) 250
Arm inductance (Lo) 30.0 mH
Arm resistance (Ro) 0.1 Ω
Grid side inductance (Ls) 40.0 mH
Grid side resistance (Rs) 0.83333 Ω
SM capacitor voltage (VSM ) 1.6 kV
SM capacitance 7.7 mF

TABLE II: Summary of simulation results

Parameter 50 SM MARS system Pittsburg MARS system
Simulation time 0.15 (secs) 0.05 (secs)
PSCAD reference 3 (hours) 48 (hours) approx.
Developed algorithm 5 (secs) 10 (secs)
Improvement 2000x approx. 17000x approx.

The following case studies are considered to compare the
results obtained from the proposed simulation algorithm with
the reference results : (i) with PV and ESS system sending
power into the ac grid (discharging) (PV + ESS) and (ii) with
PV system and ESS system receiving (charging) (PV + ESSr).
The corresponding results are shown in Fig. 7 for 50 SM
MARS system. The total simulation time is 0.15 secs with a
step change in reference ac power at 0.1 secs. The developed
model simulation results are promising in comparision to
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reference PSCAD models with an average weighted error to
be less than 2%. The results for Pittsburg MARS system with
developed algorithm are shown in Fig. 8 for 0.15 secs with a
step change in ac reference power at 0.1 secs. The summary of
simulation results are tabulated in Table II. The reduced-order
model of MARS is evaluated for given power references, and
the corresponding results are shown in Fig. 9. The results
indicate the stability of the reduced-order model.

VI. CONCLUSION

Two advanced and fast simulation models are developed
in this paper for MARS systems. First, high-fidelity model is

developed based on using hybrid discretization and hysteresis
relaxation algorithms. Second, a reduced-order model is de-
veloped based on reduced number of states. The developed
simulation models are computationally very economic, there-
fore will be great resources in control, design, and planning of
MARS-HVdc systems. Improvements in simulation speeds of
upto 17000x was observed with accuracy of more than 99%.
High fidelity and reduced order MARS models are tested for
different MARS systems and validated on PSCAD/EMTDC.
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