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FPGA-based Real-time Modeling of Modular Multilevel Converters and
Hardware-in-the-loop Simulation
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ABSTRACT: Real-time simulation platform of modular
multilevel converter (MMC) can be used for the development
and test of MMC controller and protection devices. Each
bridge of MMC is composed of a large number of cascaded
sub-modules and it brings great challenges to real-time
simulation. A real-time simulation modeling method of MMC
based on field programmable gate array (FPGA) was proposed
in this paper, which utilizing the parallel characteristics of
FPGA to implement the real-time calculation of MMC valves.
Sub-modules in each bridge were divided into several groups
and the computational efficiency was improved by taking
advantage of the pipeline architecture. The calculation results
of FPGA were equivalent to a controlled Thevenin branch in
RTDS small time-step environment. The accuracy of the
proposed FPGA model was verified by comparing with the
simulation results of a two-terminal 21-level system under
different operation states in PSCAD/EMTDC. Furthermore,
hardware-in-the-loop experiments were carried out and the
experimental results show that the proposed model is suitable
for real-time simulation of large-scale power systems and the

test of MMC controller and protection devices.

KEY WORDS: modular multilevel converter (MMC); field
programmable gate array; real-time simulation; hardware-
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Each bridge of modular multilevel converter
(MMC) is composed of a large number of cascaded
sub-modules (SMs) and it brings great challenges to
the
characteristics and high-speed communication port of

real-time  simulation. Owing to parallel
field programmable gate array (FPGA), it provides a
feasible way for real-time calculation of MMC valves
and hardware-in-the-loop testing. Existing models are
not suitable as more novel SM topologies are proposed
and more complex situations need to be simulated.

In order to illustrate the universality of the proposed
method, the self-blocking SM is chosen as the modeling
object. Each IGBT and its antiparallel diode are
considered as switchable resistance changing between
Ron and Ropr. The backward Euler integration is chosen
to update the capacitor voltage as (1), (2) and by
assuming that Ropr is infinite, the equivalent resistance

and equivalent voltage of a single SM can be expressed

as (3), (4).

Velt) = Vet~ AT) + R (1) (1)
R.=AT/C 2)
2R, +R., Instert

Ry, =90 ¢ nete 3)
2R Bypass
V.(t—AT), Instert

VSMJ‘ =< € “4)
0, Bypass

As the SMs in the same arm are connected in series,
the Thevenin equivalent voltage Vary and equivalent
resistance Rarv of an arm can be acquired by the
accumulation of Vsy ; and Rsy ; respectively as shown in

(5), (6).

(5)
(6)
On this basis, the calculation framework of the

FPGA bridge model is shown in Fig. 1. The SMs in the
same arm are divided into m groups and each group

N
Varm = z VSMJ(t)
i=1

Rypm = 2NR0N + NonRe

consists of n SMs. Each group corresponds to a pipeline
and the m pipelines are computing synchronously in
parallel. FPGA is connected to RTDS and external

S21

controller by optic fibers and based on the arm current
received from RTDS and firing pulses received from
controller for every single SM, the calculation is
executed. After the calculation is finished, the updated
capacitor voltages are sent to external controllers for
voltage balancing control algorithm. The Vagy and Rarm
are then sent back to RTDS and equivalent as a
controlled Thevenin branch in RTDS small time-step
environment. As a result, the computing burden of RTDS
can be significantly reduced and thus a small time-step
(2.5ps) is guaranteed.
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(b) Single pipeline structure
Fig.1 Calculation framework of the FPGA bridge model

The accuracy of the proposed FPGA model is
verified by comparing the simulation results of a
two-terminal 21-level MMC system with
PSCAD/EMTDC under different operating conditions.
The simulation results in these two platforms show a
very closed match. Furthermore, a hardware-in-the-loop
simulation platform is built by using a multi-core DSP
controller and several experiments have been carried out.
The experimental results show that the proposed model
is suitable for real-time simulation of large-scale power
systems and the test of MMC controller and protection
devices.



