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Abstract— This paper addresses the issue of interfac-
ing a digital controller with a real-time digital simulator
modeling power electronic apparatus. One of the main
challenges during such interfacing is the synchronization
between the simulator operation and the outputs of the
digital controller which are discrete switching pulses. A
lack of synchronization between the fixed step-size sim-
ulator operation and the timing of the incoming switch-
ing event can adversely affect the accuracy of the sim-
ulation. Various off-line simulation algorithms are ex-
amined with an objective of assessing their applicability
under real-time conditions. A new computationally effi-
cient real-time simulation is presented. To demonstrate
practical feasibility of the algorithm, a modular design of
a real-time digital simulator and a digital controller for
a Pulse Width Modulated (PMW) Voltage Source Con-
verter (VSC) system is described. The design is based
on a DSP-FPGA digital processing platform. Real-time
simulation and experimental results of a 5kVA VSC sys-
tem are presented.

Keywords— Real-Time Simulation, Power Electronics,
Digital Control, Digital Signal Processing.

I. INTRODUCTION

Sophisticated power electronic apparatus are finding
wide ranging applications at all levels of utility systems
for enhancing system performance, stability and reli-
ability. Controllers for such power electronic systems
are increasingly being digital in nature, as opposed to
analog, mainly due to their flexibility, programmability
and superior computing and communication capabili-
ties among a host of other advantages. Before commis-
sioning a controller on the actual power system, how-
ever, testing is undertaken in order to achieve three
main objectives:

« Evaluate controller performance under open-loop and
closed-loop control conditions.

o Evaluate controller performance under steady-state
and dynamic system conditions. s

o Verify built-in diagnostic and protection strategies.
With the availability of powerful and affordable digi-
tal computers and DSPs the current trend to test a
digital controller is to employ a real-time digital simu-
lator that models the power electronic apparatus and
the host power system. This approach, however, has
brought new challenges with it. A real-time digital sim-
ulator simulating power electronic systems takes dis-
crete switching signals as external inputs from the dig-
ital controller. Digital simulation being itself discrete
in nature is unable to cope effectively with switching
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signals that arrive between two calcula:ion steps of the
simulator. The conventional off-line approach of using
small step-sizes for simulation to overcome the problem
is not a favourable option under real-time conditions
for reasons of practicality and economy. State-of-the-
art simulators such as RTDS™ employing fast DSPs
are capable of simulating realistic size power systems
with a step-size that is typically between 50 to 75 us.
Inclusion of switching elements in the simulation, how-
ever, necessitates the use of a much smaller step-size (of
the order of 10 us or lower) which creates a bottleneck
for a simulator using the fixed step-size approach.

The paper starts with an overview of existing tools for
testing digital controllers for power systems. The inter-
action of a real-time digital simulator with a digital con-
troller is examined to give an insight into the problem.
Thereon, a survey of currently available algorithms for
accounting inter-step switching events in digital simu-
lation is presented. The survey is carried out with an
objective of assessing the suitability of the various algo-
rithms for real-time simulation. A new algorithm is pre-
sented to synchronize the operation of a real-time digi-
tal simulator with incoming external switching events.
The algorithm provides several fold improvement in ac-
curacy over the fixed time step algorithm using the
same step-size without sacrificing compurational effi-
ciency and without violating any real-time constraints.
The viability of the algorithm is tested by using it to
design a real-time digital simulator for a PWM VSC
system. Real-time simulation and experimental results
for the test sytem are presented.

1I. TooLs FOR TESTING Di1GITAL CONTROLLERS
A. Transient Network Analyzers (TNAs)

A TNA is an assemblage of scaled down models of
physical components. The topological layout of a TNA
is similar to a physical power system. Its main strength,
as with any analog set-up, lies in its real-time capa-
bility thus allowing a comprehensive testing of control
hardware. However, there are several drawbacks with
TNAs: they require significant resources to build and
maintain, excessive time to prepare test set-ups. they
are inflexible to rapidly readjust to different test con-
ditions and they lack scalability for an accurate syvstem
representation. Some of these drawbacks are overcome
by using a hybrid simulator which is a combination of
analog components and digital computer models.
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Fig. 1. A generic setup of a digital controller interfaced with a real-time digital simulator

B. Off-line Digital Simulation Programs

A digital simulation program emulates a physical sys-
tem by solving the mathematical equations which de-
scribe the system behavior. A numerical integration
rule is often employed to discretize the continuous time
system differential equations and the simulation pro-
ceeds with a time step which may be fixed or variable.
A digital controller that needs testing is represented, in
the simulation program, in its functional form by logic
statements and transfer functions that describe the be-
havioral properties between its input and output. Un-
like a TNA there is no physical interface between the
system simulator and the controller, thus allowing only
a theoretical verification of the control design concept
and precluding any real-time operation. Furthermore.
it is a daunting task to accurately represent, in a simu-
lation program, all the functional details of a practical
digital controller. The advantages of a software simu-
lation program, however, lie in its low-cost, low initial
set-up time and the ease with which different test condi-
tions can be accomodated. Examples of software tools
for the simulation of power system and power electron-
ics apparatus include EMTP, PSCAD/EMTDC, NE-
TOMAC, and MATLAB/SIMULINK.

C. Real-time Digital Simulators

The best alternative to an analog TNk is a digital
simulator that can solve the system equations in real-
time. Rapid advancement in DSP technology coupled
with the application of parallel processing techniques is
giving rise to fully digital real-time simulators such as
the RTDST™. Such simulators can easily accomodate
tests, for example system faults, that are normally not
performed on an actual power system during commis-
sioning due to the engineering and economic risks in-
volved. Despite their prevalence, their interaction with
digital controllers has not been studied in sufficient de-
tail to address the problems therein. The following sec-
tion examines how a digital controller is interfaced with
a real-time digital simulator simulating power systems
containing power electronic apparatus.

1II. A DIGITAL CONTROLLER INTERFACED WITH A
REAL-TIME DIGITAL SIMULATOR

Fig.1 illustrates a generalized setup of a real-time dig-
ital simulator interacting with a digital controller. The
signals internal to the simulator are digital in nature
due to the discrete numerical integration (with time
step At) process undertaken in the simulator. The sig-
nals coming out of the simulator are analog in nature
due to the D/A conversion. The low-level analog sig-
nals after adequate isolation and filtering are amplified
before being applied to a test equipment or a controller.
The digital controller setup usually consists of sensoring
equipment and A/D converters as external peripherals
to convert the high-level analog signals to low-level dig-
ital signals which are used as inputs to the control algo-
rithm. Inside the controller the control algorithm may
be executed on one or more digital processors. A firing
pulse generator then translates the control values into
discrete gating signals which are fed back to the simu-
lator to control the power electronic switching devices
modeled in the simulation. A user interface comprising
the functions of communication, display and storage
may be connected either to the simulator or the con-
troller or both depending on the system/control vari-
ables that need continuous monitoring.

Fig. 2 illustrates a model which includes the essential
elements taken from the set-up of Fig.1. In deriving this
model it has been assumed that all amplifiers, sensors
and signal converters are ideal without any restrictions
on their precision or bandwidth. Two interfaces I and II
are shown between the real-time digital simulator and
the digital controller. Interface I represents the sam-
pling action performed by the A/D converter on the
analog signals v, i and is modeled by a sampler which
operates at a specific rate T, (called the controller Sam-
pling Period) and a zero-order hold. The simulator can
acquire the gating signal g(t) from the digital controller
only at finite intervals At due to the discrete nature of
the numerical integration process it is carrying out. In-
terface II represents this At latency on the gating signal
and is modeled by another sampler with sampling rate
At. Given a certain T,. based on the control design re-
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Fig. 2. Interfaces between a digital controller and a real-time
digital simulator .

quirements, Interface I does not present any problem if
the signal converters are sufficiently accurate and fast.
However, Interface I does present a significant obstacle
since the timing of the incoming discrete firing signal
may not necessarily be in synchronism with the time
step chosen for the real-time digital simulator.

Fig. 3 illustrates the problem on a time grid progress-
ing from left to right tp <t <t2... with a time step
of At = ti41 — t;, (i = 0,1,2,...). A fixed step-size
numerical integration program operation is depicted by
the curved arrows. Let z;, (i =0,1,2,...) be the states
of the system computed by the simulator at every time
step At and y;, (i =0,1,2,...) be the true states of the
system obtained by taking the discrete events into ac-
count at their exact locations. The firing signal comes
in at time t, but is accounted for at time t; when the
real-time simulator has already calculated the incorrect
state 7. The change in state requested by the switch-
ing event is acknowledged at time t; and is used to
calculate state T3 at time i3.

The error in the solution of the system state stems from
the delay introduced in the switching due to improper
synchronization of the two discrete processes. Unlike
the actual physical system the digital simulator is un-
able to respond instantaneously to a firing signal that
comes in between two calculation steps. The physical
system would respond to the firing signal at time ¢, with
the state y. and y» would be the true stase of the sys-
tem at time f;. Since the simulator can only respond
at the end of a calculation step the actual switching
may be delayed upto one time step in the worst case.
Furthermore, since the incoming firing signal does not
always occur at the same instant on the time grid of
the simulator, the switching is not always realized at
the same moment and therefore the delay introduced is
not constant. The larger the time-step of the simulator
the larger is the delay in switching.

Typically, the firing signal g(t) for a power electronic
switch is comprised of a series of rectangular pulses with
varying pulse widths. Theoretically. its frequency spec-
trum g(w) is not bandlimited. Sampling such a signal
at a fixed rate At will result in an aliased signal accord-
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Fig. 3. Inter-step switching event in digital simulation

ing to Shannon’s Sampling Theorem [6]. The spectrum
of gs(w) would consist of overlapping cycles of g(w) re-
peating every wa; = 27/At rad/sec. Aliasing arises due
to the effect of spectral folding where a certain band
of high frequency components get reflected in the low
frequency region due to the limited sampling rate At.
The resulting gating signal gs(t) thus is always an un-
dersampled version of g(t) and contains pulses having
different positions and widths than that of g(t). At the
outset, the differences may seem rather insignificant,
however, when an altered gating signal such as gs(t) is
used to control a power converter, the effects become
apparent in the harmonics of the output voltages and
currents [4].

The following section examines some of the techniques
used in off-line digital simulation to handle inter-step
switching events and discusses their applicability for
real-time simulation.

IV. SURVEY OF ALGORITHMS FOR ACCOUNTING
SWITCHING EVENTS IN DIGITAL SIMULATION

Switching delay was first encountered in off-line simu-
lation while simulating thyristor based power electronic
circuits using line commutation. Since a thyristor turns -
off when the current through it goes to zero, switching
is delayed by a fraction of one time step if the current
zero occurs between two calculation steps. The tech-
niques developed to solve this problem were later used
for circuits using forced commutation and for circuits
employing switches with gate turn-off capability. Al-
though the current in a circuit equipped with switches
such as GTOs or IGBTs can be interrupted at any time,
switching delay in the simulation arises if the firing sig-
nal for the switch comes in between two time steps of
the simulator. Fig.4 illustrates the algorithms that have
been used to account for discrete switching events in off-
line digital simulation.

The intuitive approach (Fig. 4(A)) to alleviate the er-
rors due to delay in switching is to carry out the entire
simulation with a small step-size 6t = At/n, (n in-
teger), so as to reduce the delay, but at the cost of a
larger total simulation time.

In a variable time-step program (Fig.4(B)). as the name
suggests, the time-step of the simulation is changed
whenever a switching event comes in between two cal-
culation steps. When the switching event is detected
at time t, the algorithm backtracks to the state
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Fig. 4. Techniques for handling inter-step switching events in
off-line digital simulation

at the previous time step, takes a smaller time step
Ah and calculates state y., takes another time step
(At — Ah) and calculates state yz, and then proceeds
with a fixed time step At till the next switching event is
detected. The variable time-step process would involve
a re-formulating of the admittance matrix during the
course of program execution everytime the time-step
changes. If the study system is large, this would mean
a significant computational burden.

Another variation (Fig. 4(C)) of the variable time-
step method is a method where two time steps- one At
and another 8t (= At/n) an integer submultiple of At
are maintained. When the discrete event is detected at
time t, the algorithm backtracks to time ¢; and starts
calculating states every 4t so that instead of accurately
pinpointing the instant t. it is finely straddled between
two calculation steps dt. Once the event Jas been ac-
counted for a catch-up time step Dt (= At —k#*6t, k =
0,1,2,...n) is taken to time t;. The advantage of this
method is that the system admittance matrix can be
pre-calculated and stored for the three time steps At,
6t and Dt. This method was used for simulating an
SVC (Static Var Compensator) circuit [3] using state
variable formulation. Adam’s second order integration
rule was used to iterate around the event until adequate
accuracy was achieved.

In the method of Fig. 4(D) trapezoidal integration is
used for normal operation with time step At. When
a switching event is detected. the method interpolates
to obtain circuit variables at time t.. Then. Backward
Euler (BE) integration is used for the subsequent two

half time (At/2) steps after which normal operation re-
sumes. Notice that the original time grid has now been
altered. The main motivation behind this approach is
that using half time step BE rule the resulting system
matrix is the same as that needed for a full time step
trapezoidal rule. Any other step-size would entail a ma-
trix reformulation. This method has been implemented
in the Microtran version of EMTP.

Fig. 4(E) illustrates another method which uses linear

“interpolation but the step-size is now fixed. Once the

switching event is detected at time t states ) and
x5 are linearly interpolated to obtain state z. at time
t. and the solution continues with the original time
step At yielding a new solution z,a: one time-step
later. An additional interpolation step between t. and
(t. + At) is taken to find the correct state at f; i.e.,
z. and T; 4A¢ are now linearly interpolated to get z2.
This second interpolation step is taken to put the solu-
tion back on the original time grid. So, there are two
interpolation steps and two regular solution steps from
the time the switching event is detected at ¢ till the
time the state z3 at t3 is calculated. This approach
again has the advantage that the admittance matrix
need not be re-formulated since the time step is fixed.
However, this advantage comes at a significantly higher
computational cost.

With regard to real-time computation the fixed step-
size approach (Fig.4(A)) with a small At is not feasible
in the case of realistic size systems due to excessive com-
putational speed requirement. The other algorithms
(Fig.4(B)-(E)) adopt one or more of the following prac-
tices that contradict real-time operation:

« Stepping back in time and changing states that have
already been calculated.

o Altering the original time grid of the simulation.

o Iterations around the switching event.

o Varying the step size.

V. FIXED STEP-SIZE WITH INTERPOLATION AND
CLoCK SYNCHRONIZATION (FICS) APPROACH

Based on the discussion in Section IV, it was con-
cluded that a new real-time simulation algorithm was
needed which conformed to the following requirements:
o A fixed simulation time step.

« No alteration of the original time grid during simula-
tion.

« Registration of the timing of the external switching
events independent of the simulation process.

« A computationally efficient way to utilize the regis-
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Fig. 5. FICS real-time digital simulation algorithm
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tered timing to correct the simulated state.

The proposed algorithm (Fig. 5) relies on registration
of the timing of the discrete switching event and a sub-
sequent correction before the next state calculation.
At time ¢, the simulator has computed and sent out the
state z, which is incorrect because a switching event ar-
rived at time t, while the simulator was still engaged
in the calculation of zo. Real-time operation does not
allow recalling and changing state z2. However, if the
simulator were provided with the timing of the event
relative to the simulation time grid, it can take certain
corrective action before proceeding to calculate state
3 at time t3. The simulator cannot take preemptive
action before calculating z, since it does not know a
priori when the switching event will arrive, the event
being controlled by processes external to the simulator.
At the beginning of every time step the simulator
polls for the switching event and its timing informa-
tion. Based on that knowledge the following opera-
tional paths are undertaken:

A. Normal Mode

This mode of operation is carried out when no switch-
ing event has been detected in the previous calculation
cycle and it involves the following steps :

[A] The power electronic switch status is updated
based on the available gating information.

[B] For network solution. trapezoidal nuvnerical inte-
gration method is employed allowing recursive solution
of the system state equations. All electrical elements
are represented as equivalent admittances and current
injections. Nodal analysis is then used to formulate a
set of linear algebraic equations. The transient solu-
tion then proceeds by solving the linear equations for
the unknown node voltages at each time step.

B. Post-event Mode

This mode is executed when a switching event has
been detected in the previous calculation cycle :

[A") The network variable (all states and inputs) are
linearly interpolated at time t. based on the states z;.
I9 and Ah.

[B’] The network admittance matrix is reformulated
based on (2At — Ah).

[C’) The power electronic switch status is updated
based on the new gating information.

[D’] A regular solution step is taken to calculate state
3 at time i3.
Notice that during the correction procedure (Steps A
& B’) the original time grid is not altered. From the
perspective of an external observer the apparent time
step of the simulator is still fixed at At, there is only an
internal adjustment of the time step to re-synchronize
with the real-time clock whenever a switching event is
detected. Linear interpolation provides a computation-
ally efficient way to estimate the circuit state without
going through the full calculation procedure. For the
practical implementation of the FICS algorithm. how-
ever, there should be a provision to presicely capture
the inter-step switching event and relay its timing in-
formation to the simulator at the beginning of the next
calculation cycle.

V1. STUDY SYSTEM

A PWM VSC system (Fig. 6) was selected as the
study system for building the real-time digital simula-
tor and the experimental set-up. The system parame-
ters are as follows : E, = 110Vy, 60Hz. R = 0.5, L
= 3.0mH, C = 4900uF, f, = 1kHz. The VSC is com-
posed of six IGBT switches with anti-parallel diodes.
The IGBTs are rated for a constant current of 254 and
a maximum voltage of 300V. The primary function of
the digital controller is to regulate the reactive power
injected by the VSC into the AC bus while maintaining
the DC link voltage constant.

\'II. DESIGN OF THE REAL-TIME DIGITAL
SIMULATOR AND CONTROLLER

The real-time digital simulation and the experimen-
tal control was carried out with the aid of the Universal
High Performance (UHP40)(5) digital processing plat-
form. Its architecture is based on a 32-bit floating point
DSP T)\S320C40 and a FLEX 8000 FPGA. The FPGA
shares the global data and address space of the DSP. A
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Fig. 7. Real-time digital simulator hardware

Monitor program|5] running on the PC provided two-
way interaction between the user and the UHP40 for
signal monitoring and for varying simulation parame-
ters. .

The real-time simulation test-bed (Fig. 7) consists
of five main modules: System Simulator, Controller,
Pulse Width Modulator, Switching Event Capture unit
and the Global Bus Interface. The DSP performed the
functions of the simulator and the controller, while the
FPGA does the functions of modulator, switching event
capture and the bus interface. The DSP source code is
written in C and the FPGA is programmed using digital
hardware design techniques. The scenario of a real-time
digital simulator interacting with a digital controller
is made possible by a synchronized bidirectional data
transfer between the DSP and the FPGA managed by
the Global Bus Interface. Once the real-time simula-
tion in the DSP has been initialized the user can alter
system parameters and view system signals on-line us-
ing the Monitor program. In the experimental set-up
(Fig. 6) the DSP was used for implementing the con-
trol algorithm and other high-level functions while the
FPGA was used for modulation purposes. Dedicated
A/D converters mounted on the UHP40 platform were
used for the acquisition of system voltages and currents.

VIII. EXPERIMENTAL RESULTS

Several tests were conducted under similar operating
conditions on the real-time simulator and &n the exper-
imental set-up in order to verify the effectivenss of the
FICS algorithm. The real-time simulation was carried
out with a time step of 100us selected based on the per-
formance of the C40 DSP. Fig. 8 through Fig. 11 show
steady state currents and voltages of the V SC. These
results also agree well with those obtained from off-line
simulation using a time step of 10us.

IX. CONCLUSIONS

A fully digital real-time simulator is a powerful and
economical means to verify a power system controller.
This paper focussed on interfacing a digital controller
with a real-time digital simulator modeling power elec-
tronic apparatus. Existing off-line simulation algo-
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rithms were examined from the point of view of their
application to real-time simulation. Most of these al-
gorithms, although very effective under off-line con-
ditions, were found to violate real-time constraints.
A novel simulation approach was presented to handle
inter-step switching events in real-time digital simula-
tion. Real-time simulation and experimental results for
a PWM VSC system prove the feasibility and validity
of the proposed approach.
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