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Abstract—Modular multilevel converter (MMC) structures are
composed of several hundreds to thousands of half-bridge convert-
ers. Such large numbers of power switches and electrical nodes
introduce important numerical challenges for the computation
of electromagnetic transients. The problem becomes particularly
more complex for the real-time simulations. This paper presents a
feasibility study on the real-time simulation of the MMC models.
CPU-based and field-programmable gate array-based implemen-
tations are proposed and evaluated for the MMCs having up to 401
levels. The study also provides guidelines for the real-time simula-
tion platform requirements to simulate these MMC models.

Index Terms—Electromagnetic transients program (EMTP),
field-programmable gate array (FPGA), high-voltage direct cur-
rent (HVDC), modular multilevel converter (MMC), real time,
voltage source converter (VSC).

I. INTRODUCTION

THE high-voltage direct current (HVDC) systems in electric
power grids are becoming increasingly popular [1]. The

use of voltage source converters (VSCs) based on insulated
gate bipolar transistors (IGBTs) is becoming more attractive,
mainly due to their higher performances and cost [2]. The recent
modular multilevel converter (MMC) topology based on the
half-bridge modules connected in series [3] offers significant
advantages over previous VSC technologies [4], [5].

Real-time simulation of power converters is a valuable tool for
development and testing of control systems [6]. Real-time mod-
eling of power electronics can be implemented mainly through
CPUs and field-programmable gate arrays (FPGAs). CPU-based
execution times for each time point remain in the range of tens
of microseconds and constitute a limiting factor for the sim-
ulation accuracy. FPGA technology offers a better alternative
and allows reducing computation times to the range of hun-
dreds of nanoseconds. However, important concerns remain for
the broad adoption of this technology due to significant efforts
needed to implement complex solvers at a fixed point. The fixed-
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point format is inherent to FPGA design and was reported to
limit the achievable calculation time-step because of its narrow
range coverage and quantization issues [7]. The floating-point
(FP) format, on the other hand, has the potential to popularize
FPGAs, but the circuitry of FP operators and related long la-
tency limit that potential by making small calculation time-steps
almost out of reach for more complex applications. However,
the use of custom FP operators and nonstandard FP formats on
FPGA is a promising path [8].

Depending on application and power capability requirements,
the MMC levels can vary from tens to hundreds of submodules
(SMs) per arm. For the HVDC and FACTS systems, an MMC
may include thousands of power switches. The Trans Bay Cable
project [9], for example, includes more than 200 SMs per arm
and the INELFE [10] installation will include more than 400
SMs per arm. The excessive number of MMC power switches
creates significant computational difficulties when simulating
electromagnetic transients [11]. The numerous nonlinear de-
vices in the converter require an iterative solution which sig-
nificantly increases the computational burden. In real-time sim-
ulations, modeling a highly detailed switching device is cur-
rently out of reach and simplifications are required to achieve
hardware-in-the-loop (HIL) simulations. By simplifying each
IGBT/diode device to the level of a switchable RON /ROFF re-
sistance, the Norton equivalent of each MMC arm can be ob-
tained [12]. In [13]–[15], the latter approach is implemented on
the CPU for real-time simulations. However, there is no report
in the literature on the successful real-time simulation of MMCs
with hundreds of SMs per arm.

This paper presents the feasibility study of real-time simula-
tion of MMC models having up to 400 SMs/arm. The models
are implemented using both CPU and FPGA technologies in
order to evaluate limitations and advantages of each technology
for real-time simulation. This paper also provides guidelines on
real-time platform architecture requirements according to the
number of MMC levels.

This paper is structured as follows. Section II is used for a
brief presentation of the MMC. Section III presents a relation
between controller sampling time and the number of MMC
levels. The MMC model used in this paper is briefly recalled
in Section IV. Section V presents model implementation on the
CPU and FPGA.

II. MMC TOPOLOGY AND CONTROL SYSTEM

Fig. 1(a) shows the three-phase configuration of the MMC
topology. The MMC is comprised of N SMs per arm which
yields a line-to-neutral voltage waveform of (N+1) levels [16].
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Fig. 1. (a) Typical MMC topology for a three-phase converter. (b) Half-bridge
circuit for the ith SM.

Fig. 2. Control hierarchy for the VSC-MMC station.

The inductor Larm is added on each arm to limit arm current
harmonics and fault currents. Each SM is a half-bridge converter
as depicted in Fig. 1(b) and includes mainly a capacitor C and
two IGBTs with antiparallel diodes (S1 and S2).

Since the IGBT device is controllable through gate signals
g1i

and g2i
, the SM can have three different states. In the ON

state, g1i
is ON, g2i

is OFF, and the SM voltage vSM i
is equal

to the capacitor voltage vCi
. In the OFF state, g1i

is OFF, g2i

is ON, and vSM i
= 0. In the blocked state: g1i

is OFF, g2i
is

OFF, and vSM i
depends on the arm current (iarm) direction. The

capacitor may charge through S1 and cannot discharge.
The MMC topology is of VSC type [17] and uses an upper

level control including an inner current controller and an outer
controller. The MMC topology requires additional controllers
in order to stabilize internal variables: SM capacitor voltages
and second harmonic circulating currents of each phase [18].
This constitutes the lower level controller which includes the
circulating current suppressing control, the nearest level control
modulation (NLC), and the balancing control algorithm (BCA)
of capacitor voltages. A top level view of the control structure
is presented in Fig. 2. More details on the control system can be
found in [10]. The control system output can be either the gate

Fig. 3. Typical NLC output waveform for a MMC-9-level (N = 8).

signal or the SMs command which is the binary addition of the
SM gate signals (g1i

and g2i
).

III. RELATION BETWEEN SAMPLING TIME AND N

The main objective of this study is to evaluate the feasibility
and performance of the MMC model in the real-time simulation.
The sampling time of the control system plays an important
role IN the dynamic performance of the system. This sampling
time is mainly determined by the used modulation technique.
The phase-disposition pulse width modulation (PWM), phase-
shifted carrier PWM [19], selective harmonic elimination PWM,
and space-vector PWM are used for the lower MMC level in
order to increase harmonic frequency. As N increases, PWM
types become less efficient. Therefore, more efficient staircase-
type methods, such as the NLC technique, have been proposed
in [20]. The NLC modulation developed in this paper uses the
round function in order to transform the reference voltage to
a staircase waveform with the number of steps equal to MMC
levels. In order to guarantee the passage through each level (as
stated in [1]), the sampling time must respect certain criteria. A
typical waveform produced by the NLC modulation for MMC-
9-level (N = 8) is shown in Fig. 3. The equation of this staircase
waveform is given by

sn =
N

2
sin (2πf tn ) +

N

2
(1)

where tn = t0 , t1 , . . . , tN/2 , sn is the number of SMs to be
inserted in each arm, and f is the network frequency.

The smallest time interval between two different levels is
found where the slope of the desired sine wave is the highest,
that is between t0 and t1 . Therefore, the controller sampling
time-step Δt should respect the following inequality in order to
guarantee the replication of each MMC level:

Δt ≤ 1
2πf

arcsin
(

2
N

)
. (2)

It is noticed that (2) does not account for variations produced
by the control system. The amplitude related to N/2 and f may
vary due to the reference voltage variations. These parameters
depend essentially on the MMC application. For the HVDC and
FACTS applications, these parameters can be bounded, since
frequency and amplitude of an ac grid cannot exceed practical
limits. If we set a 1.2 pu higher limit for frequency and a 1.4 pu
limit for amplitude, (2) yields

Δt ≤ 1
1.2 (2πf)

arcsin
(

2
1.4N

)
. (3)
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Fig. 4. N as a function of sampling time-step limit.

Fig. 5. Impact of Δt on the modulated waveform. (a) Accuracy of modulated
waveform for different Δt cases. (b) FFT of modulated waveform for different
Δt cases.

Equation (3) is shown in Fig. 4. The colored area under the
curve represents the admissible zone in which Δt will guaran-
tee the replication of each MMC level. As expected, when N
increases, the Δt limit decreases.

In order to analyze the impact of Δt, an NLC modulation for
a MMC-191-level (N = 190) is simulated with three different
Δt values highlighted with a red cross in Fig. 4 (Δt = 10, 20
and 30 μs). Fig. 5 shows the modulated waveforms and result-
ing harmonics for different values of Δt. For sampling times
that respect (3) (Δt = 10 and 20 μs), the passage through each
MMC level is guaranteed and the harmonic contents are suffi-
ciently close. With Δt = 30 μs, it is not possible to reproduce
all levels and the harmonic content is significantly affected. The
resulting level jumps will also impact the switching frequency
of each SM and the BCA.

Equation (3) is valid for the NLC modulation technique
and different formulas must be derived for other modulation
techniques.

IV. MMC MODEL

The MMC model used in this paper has been presented in [15]
and only a brief description is recalled later. In this model, the

Fig. 6. MMC jth arm model.

Fig. 7. MMC circuit and one-CPU MMC model structure.

SM power switches are replaced by ON/OFF resistors:RON
(small value in mΩ) and ROFF (large value in MΩ). This ap-
proach allows performing an arm circuit reduction for eliminat-
ing internal electrical nodes and allowing the creation of a Nor-
ton equivalent for each MMC arm [12]. The model still considers
each SM separately and maintains a record for each individual
capacitor voltage. The schematic structure of the model is de-
picted in Fig. 6. Following the network solution, the algorithm
receives the voltages of each arm j through varm j

and sends
Norton equivalent values Yarm j

and iharm j
. Because the model

is implemented using the SimPowerSystems tool for Simulink,
the state-space nodal approach [21] is used to interface state-
space network equation with the nodal equation of each arm.
The interface between the arm model and the control system is
similar to a detailed MMC model; it receives the SM commands
and sends back the SM capacitor voltages through the vector
vCj

.

V. REAL-TIME SIMULATION

The studied case is presented in Fig. 7. The control strategy
considers an active/reactive power flow control. The ac grids
are represented as equivalent sources with a short-circuit level
of 10 000 MVA. The transmission capacity of the system is
1000 MW. The dc side is represented with a dc cable modeled
using the distributed parameter cable (DPC) model (constant
parameters) and a dc voltage source of 640 kV. The simulations
were performed on the OP5600, the real-time simulator from
Opal-RT. The OP5600 simulator has three quad-core processors
(for a total of 12 Intel Xeon CPUs) that communicate through a
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Fig. 8. Real-time computations for one-CPU MMC model.

shared memory of 8 GB, and that are able to communicate with
the FPGA board through a second generation PCIe link.

A. CPU-Based Model

This section presents a feasibility analysis using the CPU
technology. To simulate an electrical network in real time, it is
necessary to decouple the network on a multiprocessor system
in order to parallelize and accelerate the computations.

1) One-CPU MMC: A logical separation is presented in
Fig. 7: CPU1 for the equivalent network, CPU2 for the dc volt-
age source, CPU3 for the control system, and CPU4 for the
MMC station.

Large amount of data is exchanged between CPU3 and CPU4.
All SM commands (6N ) are sent from CPU3 to CPU4. The
capacitor voltages vC of all SMs (6N ), the arm currents iarm

(6), and transformer primary and secondary currents itrs , and
voltages vtrs (12) are transmitted from CPU4 to CPU3. Stub-
line blocks are used between CPU1 and CPU4 to decouple
the processed equations. The DPC model decouples CPU4 and
CPU2. Further details about these decoupling techniques can be
found in [22].

The complete circuit is parallelized as shown in Fig. 8, and the
R and S blocks represent receiving and sending data functions,
respectively.

Real-time simulation accuracy verification for this MMC
model is presented in [15]. The comparison against a detailed
MMC model version, where each power switch is modeled as
a nonlinear device (detailed IGBT and diode models), shows
a close match with a relative error of less than 5%. Thus, in
this paper, the one-CPU MMC model is taken as the reference
model to verify all other configurations presented in the follow-
ing sections.

2) Multi-CPU MMC: In order to improve computational
performance, each arm model is solved on its own CPU (see
Fig. 9). In this topology, CPU4 contains only the Norton equiv-
alent circuits. Parallelization now requires the introduction of
an artificial one time-step delay, which is not acceptable since
the Norton equivalent circuit should be computed within the
same time-step [21]. The artificial delay is avoided by comput-
ing the arm models and the Norton equivalent circuit in series.
Nevertheless, since each arm code is computed independently,
parallelization between arms is still possible. Thus, the MMC
model uses the series/parallel computation scheme depicted in
Fig. 10.

3) Real-Time CPU-Based Model Accuracy Verification: An
evaluation of the multi-CPU model performance in the real-
time simulation is performed here and compared against the

Fig. 9. Structure of the multi-CPU MMC model.

Fig. 10. Real-time computation for the multi-CPU MMC model.

one-CPU model (reference model). In all figures, a blue solid
line is used for the reference model and a green dotted line for
the multi-CPU MMC model. An MMC-101-level is considered
with a time-step of 30 μs. A 150 ms three-phase-to-ground fault
is applied on the ac side (between CPU1 and CPU4) at 10 s of
simulation time. Figs. 11 and 12 compare the dynamic responses
of several MMC variables. It is apparent that a close match is
achieved between the two CPU configurations.

The differences observed between vC1 ua
[see Fig. 12(c)]

are related to the capacitor balancing control strategy of the
BCA. This control selects the optimal SM number that has to be
switched. These selections are not necessarily identical between
two simulations. However, the sum of all capacitor voltages of
each arm must be identical for both models, which is the case,
as shown in Fig. 12(d).

The relative errors in compared variables vary between 0.1
and 2%. Similar results are obtained for other test cases.

4) Real-Time Performances of CPU-Based Models: The
real-time performances of one-CPU and multi-CPU configu-
rations are analyzed by varying N from 60 to 400. For both
configurations, the execution times of CPU1 and CPU2 are not
affected by N and remain very low (1 μs and 2.1 μs, respec-
tively). On the other hand, the control system CPU3 is affected
by the increase in N and this is mainly due to the presence of the
BCA. The execution time ratio between CPU3 and MMC circuit
CPUs (CPU5 to CPU10 of Fig. 9) is less than 0.5, which proves
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Fig. 11. MMC external variables, reference and multi-CPU MMC models.
(a) Phase voltage: va . (b) Active power: P. (c) DC voltage: Vdc .

that the MMC circuit CPUs constitute the main bottleneck for
real-time simulation.

Fig. 13 presents N as a function of execution time for CPU4
in Fig. 7 (one-CPU setup). As depicted in [15], the execution
time increases linearly with the number of SMs and crosses the
NLC sampling time limit for the real-time simulation at N =
120. Fig. 13 also shows the execution time results for the multi-
CPU MMC configuration. Parallelization between arm models
reduces the execution time, but the gain is not six times, since the
CPU4 in Fig. 9 is in series with CPUs 5 to 10 (see Fig. 10). For
100 SMs per arm, the mean execution time for the multi-CPU
MMC setup is ≈12.3 μs, whereas the one-CPU MMC version
uses 26.4 μs, which gives a ratio of 2.15. This ratio increases
with the number of SMs. The maximum number of SMs/arm
that can be simulated in the real-time with the multi-CPU MMC
setup is about 230.

If the CPU-based models are to be used in an HIL configura-
tion, where a real control system is interfaced with the numeri-
cal simulator, the latency produced by communication overhead
and I/O management is estimated to reach 9 μs. The curves in
Fig. 13 must be shifted to the right side to account for this time
delay and the maximum number of SMs/arm for the real-time
CPU-based simulations now reduces to 160.

B. FPGA-Based Model

During the recent years, FPGA devices became an integral
part of HIL simulators where they are used to provide access
to digital and analog I/Os as well as for various computing

Fig. 12. MMC internal variables, reference, and multi-CPU MMC models.
(a) Arm voltage: vu a . (b) Circulating current: (iu a + ila ) /2. (c) Capacitor

voltage: vC 1 u a . (d) Sum of all capacitor voltages:
∑N

i=1 vC i u a .

Fig. 13. N as a function of execution time for CPU-based models.

purposes [23]. The density of modern FPGAs is nowadays suf-
ficient to handle tens to hundreds of floating point operators,
which enables them to offer tens GFLOPS of computing power.
The FPGA used in this paper is the Virtex 6 LX240T [24] that
comes with the ML605 board; the board is provided along with
the OP5600.
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Fig. 14. Structure of the FPGA-based MMC model with ASP1 and ASP2.

Fig. 15. Real-time computation for the FPGA-based MMC model.

Unlike other technologies (CPU, DSP or GPU), FPGA pro-
gramming requires a complete design of a so-called application
specific processor (ASP) to handle all the computations.

1) FPGA-Based MMC Model Implementation: The same al-
gorithm of the arm model (see Fig. 6) implemented on CPU
in [15] is used for the FPGA, except the implementation of SM
blocked state code. The structure of the MMC model imple-
mented on the FPGA is presented in Fig. 14. CPU4 contains the
Norton equivalent circuit. At each simulation time point, CPU5
exchanges data with the FPGA through the PCIe protocol (see
Fig. 15). Two versions of the ASP are implemented. ASP1 in-
cludes only six arm models. It receives varm and the SM com-
mands, and sends back iharm ,Rarm ,vC , and iarm through the
PCIe. ASP2 includes the six arm models and the BCA system.
The communication load is now considerably reduced since vC

is not sent from the FPGA to CPU3 and the SM commands are
not received from CPU3. Only iarm and the number of SMs to
be inserted (sarm ) in each arm are exchanged between CPU3
and CPU5. Both ASPs are given the computing of arm Thevenin
equivalent, which is converted to a Norton equivalent on CPU5.
ASP2 is closer to a real HIL prototyping environment since the
BCA acts like HIL through low latency FPGA I/O.

Fig. 16 illustrates the complete architecture of the ASP-based
arm model. It is designed to handle up to 400 SMs/arm and to
be easily configurable for other values of N . It consists of a
sequencer for controlling the ASP, register files, and processing

Fig. 16. ASP arm model implemented on the FPGA.

Fig. 17. Detailed view of the FPGA computing blocks.

elements. Register files are memory elements for storing vC and
SM commands. Each register file allows to read/write up to five
values at the same time (parallel processing), leading to a maxi-
mum of 80 clock cycles for all values. The processing elements
compute the components shown in Fig. 16 and require about 20
additional clock cycles once the reading task is completed.

The ASPs are able to handle up to six arm models by treating
each arm model sequentially. This leads to a minimal time-step
of 480 clock cycles (6 × 80), that is 2.4 μs for the three-phase
MMC (the system clock frequency is 200 MHz). The latency
of processing elements is not taken into account because the
resulting vC elements are rewritten to the register file while
new values are processed for other arms. When the ASPs treat
less than 400 SMs/arm, the processing elements are either idle
or unused during the remaining clock cycles. The choices of
treating arm models serially and reading five values at a time
from the register files constitute a design tradeoff motivated by
the fact that 2.4 μs is sufficient to conduct correctly a real-time
simulation with 400 SMs/arm.

Fig. 17 presents the three processing elements that are iden-
tified by grayed out boxes in Fig. 16. The computed equations
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TABLE I
DESIGN RESULTS FOR THE VIRTEX 6 LX240 T [24]

are described in the appendix. As stated in the introduction, an
MMC may contain tens to hundreds of SMs/arm; thus all numer-
ical values are represented with floating-point formats in order
to allow a large dynamic range. A nonstandard floating-point
format is used with intermediate precision (between simple and
double), while all the additions (including accumulation) are
carried out using an internal floating-point format called self-
alignment format. This methodology has been introduced in [8],
whereas the SAF is thoroughly discussed in [25]. It provides
higher numerical accuracy while allowing the implementation
of complex operators with very low latencies. More specifically,
all the variables use a 35-bit signed mantissa, all the constants
use a 44 signed mantissa, and all the additions are computed us-
ing an 80-bit extended mantissa [25]. Hence, each multiplication
necessitates three clock cycles and four DSP blocs.

Table I presents the synthesis estimates of the ASPs for the
Virtex 6 LX240 T. The two designs meet the timing constraint of
5 ns imposed by the 200-MHz system clock frequency. As it can
be seen, ASP2 uses more resources than ASP1 because it also
implements the BCA system. In the context where a physical
controller is involved in the real-time simulation, the numbers
of ASP1 hold with the real-time performances of ASP2.

2) Real-Time FPGA-Based Model Accuracy Verification:
Before evaluating the real-time performances of the FPGA-
MMC model, it is required to verify its accuracy. Only FPGA-
ASP2 results are presented here, since it allows to verify si-
multaniously both arm models and the BCA system. The same
three-phase-to-ground fault is reproduced. A MMC-401-level
is simulated with a time-step of 9 μs. The FPGA-ASP2 results
(green dotted line) are in real-time simulation, whereas the ref-
erence model (one-CPU MMC model) is simulated in an offline
mode (blue solid line), since it cannot compute with these many
SMs in real time (see Fig. 13).

Fig. 18 and Fig. 19 present simulation results. The differences
between both model implementations are negligible and the
relative errors vary between 0.3 and 3%. This is confirmed by
other simulation cases.

3) Real-Time BCA System Accuracy Verification: In order to
verify the implementation of the BCA, the capacitor voltages of
SMs: SM1ua

,SM400ua
,SM1�a

, and SM400�a
are presented in

Fig. 20 under normal operation. Table II compares the average,
minimum, and maximum values of capacitor voltages, and the
numbers of switching-per-cycle for the same four SMs. A close
match is achieved by the FPGA-ASP2 model. The relative errors
for the capacitor voltages are below 0.1%. This performance is
attributable to the high precision of the custom floating point
operators. The average number of switching-per-cycle is within
0.5%, which proves the good accuracy of the FPGA-based BCA
implementation.

Fig. 18. MMC external variables. (a) Phase voltage: va . (b) Active power: P.
(c) DC voltage: Vdc .

Fig. 19. MMC internal variables. (a) Arm voltage: vu a . (b) Circulating cur-
rent: (iu a + ila )/2.

4) Real-Time Performance of the FPGA-Based Model:
Real-time performances are evaluated in Fig. 21. For both ASPs,
the FPGA runs at 2.4 μs; however, the execution times depicted
in Fig. 21 include CPU4 and CPU5 since they are in series (see
Fig. 14). The results indicate that the FPGA-ASP1 MMC model
has a poor performance in comparison with the CPU-based
model. This is explained by the important amount of data that
has to be exchanged between the FPGA and the Fig. 14 CPU5
connected through the PCIe link (2 × 6 N + 6 values). This link
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Fig. 20. Capacitor voltages of SM1u a , SM400u a , SM1�a , and SM400�a .
(a) Capacitor voltages of the reference model (one-CPU model). (b) Capacitor
voltages of the FPGA-ASP2 model.

TABLE II
ACCURACY VERIFICATION OF THE BCA IMPLEMENTED ON THE FPGA

Fig. 21. N as a function of execution time for FPGA configurations.

has a latency that is higher than that of a shared-memory-based
communication. However, this situation is less realistic in re-
gard of the HIL simulation context where the real controller is
physically connected to the simulator by means of the FPGA.

The real-time performance of the FPGA-ASP2 model is the
best among those reported in this paper. It is able to achieve
an execution time of 9 μs. Moreover, it does not depend on the
number of SMs (see setup Fig. 14). The FPGA-ASP2 setup is
more realistic within the context of HIL simulation, where the
gating signals are provided by a physical controller to the FPGA
through its low latency I/Os.

VI. CONCLUSION

This paper presented a feasability study for the real-time sim-
ulation of an MMC model varying from 61 to 401 levels. It has
been shown that the CPU-based MMC model is limited to 231

levels. This limit is reduced to 161 levels for HIL simulations
due to latencies in communications and I/Os.

This paper also presents two different FPGA-based MMC
model setups. In the first setup (ASP1), the high amount of data
exchanged between arm models and the control system does not
allow to achieve acceptable performance. In the second setup
(ASP2), the BCA is implemented on the FPGA and the lowest
execution time of 9 μs is achieved. Moreover, the FPGA based
MMC arm models run at 2.4 μs. These execution times do not
depend on the number of MMC levels. No additional latency is
expected for HIL simulation, since the arm models are coded
on the FPGA.

For MMC topologies with more than 400 SMs/arm, the pre-
sented FPGA setup has sufficient supplementary resources to
handle more powerful ASPs. The computing power of such
ASPs is a design tradeoff that depends on the number of SMs
per arm and the targetted simulation time-step. In fact, the actual
bottleneck is in communication time between the FPGA and the
remaining CPU-based network model.

APPENDIX

The processing elements vh
arm j

and vC j
shown in Fig. 16 are

found from their equations [15]. vh
arm j

(jth arm) is given by

vh
arm j

(t) = Rarm j
iarm j

(t) +
N∑

i=1

αij vCi j
(t) (4)

where αij depends on the gating signal of the ith SM. The
capacitor voltage for the following time-point is given by

vCi j
(t + Δt) = Reqi j

iarm j
(t) + βij vCi j

(t) (5)

where Reqi j
and βij also depend upon the gating. Finally, Rarm j

is found from the gating signals as follows. The blocking state
not being considered in this paper, each SM is either ON or OFF.
Rarm j

depends on the number of SMs that are ON and can be
obtained from a table that is addressed using the ON-state SM
number, as shown in Fig. 17

The ASP computing power can be estimated as follows: vh
arm j

involves five multiplications and five additions, for a total of ten
floating-point operations; vC j

necessitates 10 multiplications
and 5 additions, for a total of 15 floating-point operations; the
ASP runs at 200 MHz, which gives a computing power of (15 +
10) × 0.2 = 5 GFLOPS. For a given MMC with 400 SMs, the
ASPs run at peak performance.
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