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Real-Time Digital Simulation of Power Electronic
Apparatus Interfaced With Digital Controllers

Venkata R. DinavahiStudent Member, IEEB. Reza Iravani, and Richard Bonert

Abstract—This paper presents a new approach for the real-time ~ The first approach is based on interfacing the digital con-
digital simulation of power electronic controllers in power systems.  tro| system with a properly scaled physical simulator to repre-
Digital controllers for power electronic systems present a problem sent the power electronic apparatus and the host power system.

when testing in real-time using a digital simulator due to the dis- T in drawbacks of thi h . . t of
crete nature of their outputs which are not necessarily in synchro- e main drawbacks of this approach are: ) requirement of ex-

nism with the time step of the simulator. The proposed algorithm  Cessive manpower and resources, ii) extensive time to prepare
combines the variable step-size numerical integration method with set-ups, iii) inflexibility of the simulator to accommodate var-
linear interpolation for the synchronization of a real-time digital  jous system scenarios and phenomena, and iv) inherent lack of

simulator and a digital controller. It is shown that lack of such —scajapility to accurately represent system parameters and non-
synchronization leads to inaccurate simulation results, specifically . L .
linearities in the simulator.

with regard to the fundamental and harmonics of the voltage and ) . . . .
current signals. Sampling theory is used to model the interaction ~ The second approach.is based on off-line digital simulation.
between a digital simulator and a digital controller. A Pulse Width  There exist powerful production grade software tools, e.g.,
Modulated (PWM) Voltage Source Converter (VSC) based reac- EMTP, PSCAD/EMTDC, and NETOMAC, that can readily
tive power compensator system is used as an illustrative example raresent power electronic apparatus and power systems. Such
for the simulation. . . . )
tools_also provide facilities to represent basic control logics
Index Terms—bigital control, numerical integration, power elec-  and algorithms for digital controllers. However, comprehensive
tronics, real-time simulation. and uncompromised representation of all functions of a digital
controller for off-line simulation studies is a formidable task
|. INTRODUCTION and is prone to/skepticism with respect to the accuracy of the
. . rgzsults.
RAPI.D d_t_evelopments n sem|conducto_r technology an The third approach is based on interfacing a digital control
. availability of low-cost and_computatlonal!y ppwerfuls stem with a real-time (on-line) digital simulator. The simu-
digital processors have been the impetus fotggEignificaly SW for represents the host power system and the power electronic

from conve_nt.|onal analog control systems 10 digital conly paratus. With the existing development trends in semicon-
systems. Digital control systems are increasingly used to ccaﬁ

. . . ictor technology, real-time digital simulation is gaining mo-
trol power electronic based apparatus in electric power system

t tion. t ission. distribufi d utilization lével &ntum and becoming more attractive.
atgeneration, transmission, distrioution and Utiization 1evels. - A o cnnical issue when interfacing a digital controller with
A digital control system, usually built around-one or mor

diaital : f hard d soft h% real-time digital simulator is that the output signal of the
'gital processors, comprises of haraware and seftware Whosgo)ier for firing power electronic switches may not be
basic functions include: i) data acquisition and processi

I icati ¢ logi q irol_ alaorith ki synchronism with the discrete time-step of the simulator.
!|)commun|'ca on, i) Zystem logis and: control algonthMsSyry;q 4 1ses inaccuracies or even erroneous results. This paper
iv) power circuit interface and v) auxiliary functions. Availabl esents a new algorithm (Section 1) which combines linear

processors for digital SQl" systeng®p include: i) Gener terpolation and a variable time-step method for accurately

Purp(_)_se Processors., "). Mlcrocontroller_s ;i) Appl'cat'orbccounting switching events in real-time digital simulation of
Specific Integpated Cifcuits (ASIES), iv) Field Programmabl ower electronic apparatus. The problem associated with the

Gate Arraffl (FPGASL ) Digitdl” Signal Processors (DSP ‘ik of synchronism is explained in Section Ill. Application of

vi) Reduced-Instruction-Set Computing (RISC) Processors ajy proposed approach to a VSC based compensator is detailed

vii) Parallel Processors. in Section IV and its effectiveness is demonstrated in Section V.

Prior to commiisggning there is a need for rigorous IOerfo&onclusions are stated in Section VI. A subsequent paper will

mance evaluation and testing of a digital control system and H—:‘joort hardware implementation of the proposed approach for
corresponding power electronic apparatus within the context @b, time simulation of power electronic systems

the host power system. There are three approaches to address
the need. Il. THE PROBLEM AND PROPOSEDSOLUTION
Digital controllers for power electronic systems output dis-
Manuscript received April 3, 2000. crete flrlqg signals which may not nece_ssarll_y be in synchronism
The authors are with the Center for Applied Power Electronics (CAPEYith the time step chosen for the real-time digital simulator. The
Department of Electrical and Computer Engineering, University of Torontgrror in the solution of the system state stems from the delay
Toronto, Ontario M5S 3G4, Canada (e-mail: venkata@ecf.toronto.edy; d dinth itchina d . h . f
iravani@ec.toronto.edu; bonert@ect.toronto.edu). introduced in the switching due to improper synchronization o

Publisher Item Identifier S 0885-8977(01)08508-9. the two discrete processes. Unlike the actual physical system the

0885-8977/01$10.00 © 2001 IEEE

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 19,2022 at 07:44:23 UTC from IEEE Xplore. Restrictions apply.



776

Program m
Operation .

(A) Fixed step-size
approach

(B) Variable step-size
approach (1)
—+>> Normal Operation
-- *] Operations after
event detection

—-

(C) Variable step-size
approach (2)
8t =At/n

IEEE TRANSACTIONS ON POWER DELIVER, VOL. 16, NO. 4, OCTOBER 2001

and calculates statg, and then proceeds with a fixed time step
At till the next discrete 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 signif-
icant computational burden.

Another variation [Fig. 1(c)] of the variable time-step
method is a method [6] where two time steps—axieanother
&t (=At/n) an integer submultiple ofAt are maintained.

ninteger
Dt = Catchup
time step

When the discrete event is detected at titpethe algorithm
backtracks to time; and starts calculating states evetyso
that instead of accurately pinpointing the instgnit is finely
straddled between two calculation stépsOnce the event has
: been accounted for a catch-up time st@p is taken to time
TS T () Proposed approach 5, The advantage of this method is that the system admittance
m ~ Q / — Nonna} Operation . _ .
o - £ Operation after matrix can be pre-calculated and stored for the three time steps
O = emeeeeme At 6t and Dt. As mientioned earlier, linear interpolation has
been used effectively in off-line. digital simulation programs
to accurately model switching instants. Fig. 1(d) illustrates
Time o bk 5 t a method [1] where-linear interpolation is used with a fixed
LA >I‘Ah>? ! ! step-size approach. Once the switching event is detected at
Switching time to-the system state is linearly interpolated at titneand
True System v, " Yo %2 vs the solution continues with the original time st&ys yielding
State a'new solution one time-step later. An additional interpolation
step between, and(t. + At) is taken to find the state &;.

This second interpolation step is taken to put the solution back
digital simulator is unable to respond instantaneously to a firirgp the original time grid. So, there are two interpolation steps
signal that comes in between two calculation steps; since it caind two regular solution steps from the time the discrete event
only respond at the end of a calculation step the actual switchiisgletected at; till the time the stater; att; is calculated. This
may occur one time step too late in the worst case. Also, singgproach again has the advantage that the admittance matrix
the incoming firing signal does not always occur at the sanfeed not be re-formulated since the time step is fixed.
instant on the time grid of the simulator, the switching is not With regard to real-time computation the fixed step-size ap-
always realized at the same moment and therefore the delaygmach [Fig. 1(a)] with a small\¢ is not feasible in the case
troduced is not constant. Larger the time-step.of the simulatirrealistic size systems due to excessive computational speed
larger is the delay in switching. requirement. The variable step-size approaches (1) and (2) in

Fig. 1 illustrates the problem. Let;, (¢ = 0, 1, 2, ...) be Fig. 1(a) and (b) also cannot be used for real-time computation
the states of the system computed by the simulator at every tifoe the reason that one cannot step back in real-time. The ap-
stepAtandy;, (¢ =0, 1, 2, ...) be the true states of the systenproach of Fig. 1(d) is conceptually attractive due to the fixed
obtained by taking discrete events into account at their exact &iep-size but for real-time implementation it needs significant
cations. The firing-signal comes in at‘timgbut is accounted computer time to compute two interpolation steps and two reg-
for at timet, when the real-time simulator has already calcuslar solution steps.
lated the incorrect state,. The actual physical system would In the proposed approach [Fig. 1(e)] a combination of vari-
respond to the firing signal-at tine with the statey. andy, able step-size and linear interpolation are used. Once the state
would be the true state of the system at titpe xo attimets is computed, the real-time simulator acknowledges

In an off-line fixed time-step digital simulation program, suclthat the discrete event occurred at titge Then it interpolates
as the EMTP, [Fig. 1(a)] events that occur between two tintee system state &t based on states, andz,, formulates the
steps are accounted in the next calculation step. The discratinittance matrix based on the step-sizé k¢ — Ah) and
event coming in at timeé. is acknowledged at timé, and is takes a regular solution step to tirhe A correction of the state
used to calculate statg, at timets. The traditional approach to s by using another interpolation step as in approach of Fig. 1(d)
alleviate the errors due to delay in switching is to carry out thig not possible in real-time because that time has already passed
entire simulation with a smalh¢, so as to reduce the delay, butand the simulator cannot call back the state it has already com-
at the cost of a larger total simulation time. puted. The proposed approach is well-suited for real-time im-

In a variable time-step program [Fig. 1(b)], as the nhame suglementation in that in addition to the regular solution step it in-
gests, the time-step of the simulation is changed whenever a dislves only one interpolation step and one re-formulation of the
crete event comes in between two calculation steps. When #dumittance matrix. Notice that the external apparent time step of
discrete event is detected at timethe algorithm backtracks to the simulator is still fixed, there is only an internal adjustment
the stater; at the previous time step, takes a smaller time stgbthe time step whenever a discrete event is detected. The com-
Ah and calculates statg, takes another time stép\t — Ah)  putational effort as compared to the fixed step-size approach

(D) Fixed step-size
with interpolation

O = Interpolated
states

System State  x, Xy : X, X,

Fig. 1. Switching events in digital simulation.
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Pv ) }_&LT Since multiplication in time domain corresponds to convolu-
Interface I . . .
_ - tion in the frequency domain
I
vignals Gpliw) = 5 - [Gw) » P(jw)] ®)
Us
Real-time Digital where
SD'igit?lt Controller oo
umulator S 1i Period]
Time Step At amp_F‘slg oo G(Jw) = Ag+ Z (Bn sin nwy,t + A, cos 7‘met) (4)
n=1
Sampled signal - Gating Pulses is_ the Fourier series representation of a PWM generated gating
g;(® o) signal and
0 ) 2T =
M P(jw) = T Z O(w — kwgg): (5)
%9 k=—oo

Fig. 2. Adigital controller and a real-time digital simulator. . . . . . . . .
Since convolution with an impulse simply shifts a signal, it fol-

lows that
[Fig. 1(a)] would depend on the size of the system simulated. o
The objective is to get similar accuracy as obtained by using the Gpljw) = 1 Z Gl — jkwsy)- (6)
fixed step-size approach with a small time step. The proposed Tyg P

approach takes the discrete events into account at their exact lo-

cations thereby reducing the simulation errors. The followin US'C?rz(fw) IS pe”Od'(,: funcnop Ol consisting of asu-
section gives a mathematical interpretation based on sampl positionhshirtetireplicas €f(jw) scaled byl /T,. Since

theory to get a better insight into the origin of simulation error& FWM gating signal such as(jw) is not frequency band-
limited, sampling such a signal at a fixed rate will result in an

aliased signal according to Shannon’s sampling theorem. The
[ll. I NTERACTION BETWEEN REAL-TIME POWER SYSTEM resulting signal@,,(jw) thus is always an undersampled ver-
SIMULATOR AND A DIGITAL CONTROLLER sion of G(jw). The effect of aliasing in the gating signal can be
i , , . . . seen in the output voltage harmonics of the power electronic
Fig. 2 illustrates a Real-Time Digital Simulator (RTDS) in4nharatus, a VSC for instance, specifically as an increase in
teracting with a digital controller. The RTDS generates signalse f,ndamental component. There are two major consequences
in digital form which after D/A conyersion and Ie_veI shiftinds¢ the aliased gating signal: a) the fundamental component of
appear at the output as the power signals sueh & analog | nhase current of VSC increases and b) there is a crowding of the
form. These signals are sampled by the digital controller alcBrrent harmonic spectrum with noncharacteristic harmonics.

specific ratel’; which is referred to as the controller samplingrneqe effects become more pronounced as the time step of the
period. Interface Il represents this sampling action modeled byia, \1ator increases.

sampler operating at a rate’tif and a zero-order hold. The dig-
ital controller on the other-hand outputs discrete signals such as
PWM gating pulses to power electronic devices modeled in the
simulator. The simulator can acquire these gating pulses only atf his section describes the time-domain model for a VSC
finite intervals At due to the discrete nature of the numericdtased reactive power compensator (STATCOM) system and its
integration process that it is carrying out. Interface IlI repréiigital controller. Particular emphasis is on the implementation
sents thisAt latency on the gating signals and is modeled b?/f a sinusoidal PWM scheme in the digital simulation program.
another sampler with sampling rat¢. The problem defined in Lastly, the organization of the real-time program is explained.
Section Il is related to Interface Il :
Let g(¢) andp(%) represent the gating signal in Fig. 2 and thé' Modeling of the STATCOM System
sampling function as functions of time. In the time domain the Fig. 3 illustrates the STATCOM power system. The utility is
sampled gating signal,(¢) is given by assumed to be a three-phase balanced voltage sourcéiwith
and L, comprising the equivalent circuit for the source sifig.
represents the filter and transformer leakage inductaRcen-
gp(t) = g(t) - p(t) (1) cludes the VSC and transformer conduction losses. The resis-
tanceR,, in shunt with the dc capacitor represents the switching
wherep(t) = 377 §(t — nT.,) is the periodic impulse losses in the inverter. The switches in the VSC are modeled as
train with 7, as the sampling period and,, = 27 /1, as ideal bi-directional switches with gate turn-on and turn-off con-
the sampling frequency. trols. The VSC model is based on discrete switching functions
[7]. Takingi,, ¢, andv,. as the states, the system model can be
represented by three differential equations:

w0 = 2 oty L) @) Yoo Bl + L) =) ()

IV. CASE StuDY: COMPENSATORSYSTEM
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' €, +
—_ Vdc
V=115 Vy s f=60Hz
R, =0013Q oL =0.032Q G4 G6 M 675
R =023Q oL =039Q
C =4900uF N
Fig. 3. STATCOM power system.
i
i < ma=ledrds | T o Gatin
J— S 1gnals
:,,ab Sampler lk vae 5, | Generator %—GG
be +p S=tan (e q/ed)
Vde

Fig. 4. Block diagram of STATCOM controller.

6 VaVp

% =—(R,/Ly)i, + (1/Ly)(v, — ) (8) The inverter voltage vector is controlled as follows:
dvge , =L(— i
B — —(1/C)(~iae + vaesm, ) e = La(=a1 i) ol (15)
eq = —Ly(x2 + wiy) (16)

B. Current Control of VSC

substitution of these equations into (10) and (11) yields

For control purposes all voltages and currents are transformed diy .
to a synchronously rotating reference frame whereithis is ar (=Rs/Ls)ia + =1 (17)
coincident with the instantaneous ac system bus voltage and the diq
g-axis is in quadrature angle with it. The system model in the dt =(—R,/Ls)iqg + z2. (18)
dq frame is given by:

Equations (17) and (18) provide a decoupled contral;cdnd

dig i,. z1 andz, represent the outputs of the PI compensators regu-
=(=Rg/L 1L, - 71 2 . )

dt = (Gfaf Lot wiq + (k) (va = ed) lating ¢4 and:,. The dc link voltage is regulated through an ad-

dig . . ditional external feedback loop that provides the real current ref-

— = — Wiy — RS LS 1 + 1 Ls . H

dt de. ( / Jia (/L) vy erenceiq, ., . Fig. 4 shows the block diagram of the STATCOM
dvge' 3 (Cata + eqly) ~ Vde controller [4].

dt 2 Cuge R,C

wherevy andv, are thed- andg-axis components of the ac bus

voltage.

nents of the VSI terminal voltage.

where
Mg =

6 = arctan(e,/eq)

k

C. Pulse Width Modulation

In an off-line digital simulation program, e.g., EMTP
or EMTDC/PSCAD, a sinusoidal pulse width modulation
scheme is implemented by comparing a carrier signal (usually
eq = kmguy. cos b (13) triangular) with a sinusoidal control signal. Since the PWM
= kmgvg.sin (14) 9generator is part of the entire system simulation, the carrier
wave is also generated with the same universal time Ategt
which the system simulation is carried out. This method has
two consequences for the speed and accuracy of the simulation:
1) Itrestricts the choice aht for the system simulation due
to the fact that a smallea¢ has to be chosen so as to
have a higher carrier resolution which results in a longer
simulation time.

The quantities; ande, are thed andq -axis compo-

(¢34 ¢2)/kvga. modulation index;
phase angle;
constant whose amplitude de-
pends on the modulation tech-
nigue used.
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R R . o Tsmommmeees - Control Control
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] ﬁ Control_] [ | Ly

: Carrier :

Gating T
r 4
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Fig. 5. Comparison of PWM implementation in digital simulation. Event Netwgrk
Scheduler Model Solution

2) If alargerAtis chosen the resolution of the carrier signal
inthe PWM generator is affected which in-turn affects theig, 6. Real-time program structure.
PWM output and the accuracy of the simulation.

For instance, a system simulation that normally requires only.g.,ctance matrix for all possible cofduction states of the
time step of about 5@s for capturing the required system trang, yitches 26 in this case, and theteby:is a more suitable model
sients would need a time step of aboytsor less if it includes ¢, the real-time simulator program.

a PWM generator with a carrier of frequency of 1 kHz or higher. ¢ Netwiork Solition block uses the trapezoidal numerical

So if a time step of s is chosen the entire simulation SIOW?ntegration method to convert continuous-time differential equa-

down considerably whereas with a time step ofy&0the res- ¢ jnfg discrete-time difference equations. The discrete time

olution of the PWM generator suffers which could yield inaCzeiasentation of network elements suctRag, andC consists
curate simulation results. The “Sampling Technique”

nula _ approagiiconductances in parallel with current sources, and all voltage
[5], used in this paper, to generate the PWM gating pattern OVef,ces are represented by their Norton equivalents. The tran-

comes this dilemma and also takes the off-line digital simulgjept solution is then based on solving the nodal equations [3]
tion one step closer to the way in which digital controllers am - i1a petwork.

implemented in reality. The sinusoidal reference wave is sam-
pled only at periodic time instants; which is also the sam-
pling period of the digital controller. The triangular carrier is
defined using straight line segments of pre-defined slope in thatTo evaluate the effectiveness of the proposed approach,
sampling interval. The switching instants are computed on-lig®en-loop and closed-loop control studies were performed
as the respective points where the triangular slope reachesQnethe STATCOM system. The relative performance of the
sampled reference value. Fig. 5 compares the conventional Bfposed approach, using linear interpolation and variable
proach (A) and the proposed approach (B); in both-approaclséep-size solution, and the fixed time-step approach are com-
the switching frequency.., is taken equal to the controller samfared. In keeping with real-time requirements a time step of
pling frequencyf, = 1/7;.1n the former PWM scheme the res-50 s is selected. As shown latéxt = 50 ys is not adequate
olution of carrier is depéndent aif; the only way to increase to model switchings accurately using a fixed time-step ap-
the carrier resolution is to reduce the time stef In the latter proach. The results obtained using the proposed approach with
PWM scheme the carrier resolution is essentially independentd = 50 s are comparable in accuracy to those obtained using
At thereby making an infinite resolution possible; the switchingje fixed time-step approach with a small time step= 5 ;s
frequency is however dependent on the controller sampling fe0-1° on a 60 Hz cycle).

riod 7, which is in keeping with the practical implementation A sinusoidal PWM scheme is used in which only one half of

V. DIGITAL SIMULATION RESULTS

of a digital controller. the carrier wave is implemented in one sampling petpaf
the digital controller i.e.T, = (1/2)T. or, fs = 2f. where
D. Real-Time Program Structure /s is the sampling frequency anfl is the carrier frequency

Fig. 6 shows the real-time program structure. In every tinfé kH2)- Normally f; = f. in the practical implementation of
stepAt three blocks are executed: 1) Discrete Event SchedufBf controller butin the simulation prografn = 2 f. is used to
(DES): 2) VSC model; 3) Network Solution. I|m|t the nu_mber of discrete events to a maximum of two in one

The DES performs three function@) It precisely identifies Simulator time step.
the time instants when the gating signals oc¢by;determines
the instant where interpolation has to be applieficalculates A- Open Loop Case
the time step for the next network solution and handles the syn+ig. 7 shows the first 30 harmonics of phaseurrent under
chronization of the network solution with the original time gridsteady-state operation with, = 0.8 andé = 0.0°. Fig. 7(a)

At. In practical implementation of the simulator the DES has tmompares the simulation results using the fixed time-step ap-
implemented using digital hardware. proach withAt = 5 us andAt = 50 us. Fig. 7(b) compares

The switching function model of the VSC obviates théhe simulation results using the fixed time-step approach with
approach [2] of pre-calculating and storing the inversAt =5 us and the proposed approach usikg= 50 is. Due
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(a) 50 I I - I ) I ‘ ‘ igref H
. ~ - - ig(5us)
. — iq (50 us)

40 . . . . ‘ ‘ ]
0.19 02 0.21 0.22 0.23 0.24 0.25 0.26
—_— 30 ~ 50 idref H
— — id(5us)
$ = — id (50 us)
[} ?9’ 0 ;_zq,a_czanmﬁt?,_ AT e e L0 B A DT 2T
820
.“g h =50 4
% 0.18 0.2 0.21 0.22 0.23 0.24 0.25 0.26
< 104 210 : : : : ‘
vdcref
. 235 - - vdc{5us)
. = — vdc {50 us)
04 E — ,
220 : L L L L L
0.18 0.2 0.21 0.22 ) 0.23 0.24 0.25 0.26
Frequency (Hz) time (s)
(b) Fig. 8. Traces of STATCOM closed loop response.

- : : since timet, s taken to have passed in real-time. Although the
a0 .- : L aliasing effects are also present under closed-loop control they
e are revealed much better under open-loop control. The reason
is that under closed-loop control the current controller tends to
regulate the output current and thus masks those effects. The
higher accuracy derived with the proposed approach can be at-
tributed to the precise detection of the gating signals, interpola-
tion and the variable step-size solution.

Magnitude (A)

_
o
Vi

B. Closed Loop Case

Fig. 8 shows the STATCOM closed loop response. A step re-
sponse ini, is simulated. The traces show the responses ob-
tained using the fixed time-step algorithm witt = 5 us and

Frequency (Hz) those obtained using the proposed algorithm with= 50 ps.
Clearly the responses are very similar. There is a spurious noise
Fig-F_7- dlt:_requ?ncy Spectrl:]m of phafeeurrer;]t_tunde(rj open:=loop VCOOHtrol- in the At = 50 us trace and its amplitude is found to decrease
e ot 85 the time stept or the controller sampling peric i de-
approach using\t = 50 s (shaded). creased. In the practical application of a digital controller such
noise can be filtered out or in the case of an off-line simula-

to aliasing effects on the gating signals the fundamental cohian interpolation can also be used for the control algorithm to
ponent of phase-voltage was found to'increase by 2.4% whefet nearly smooth traces. However, no attempt was made to use
At was changeéd from &s to 50,5 Using the fixed time-step linear interpolation in the control algorithm since the primary
approach. This increase in the VSC output voltage is reflectéiective of the study was to emulate conditions that would
as an increase in the fundamental component of its phase @§cur with a practical digital controller and a real-time simu-
rent from 34.9 Ato 41.5 A, an increase of 19%.This error tend@tor. Both fixed time-step algorithm and the proposed algorithm
to increase even more as the time-step is increased, for insta¥ygée tested under the same control conditions.

for At = 100 us the error becomes 39%. The amplitudes of
the switching harmonics were found to change little. AIthougﬁ'
there was a marked crowding of the frequency spectrum withThe proposed algorithm and the fixed step-size algorithm
noncharacteristic harmonics, their amplitudes remained smalere coded in ANSI C and both programs were run on a
This explains the surprising result that the THE20.95%) of 250 MHz MIPS R10000 processor running IRIX 6.4. Table |
phasea current obtained forA¢t = 50 us was close to the compares the cpu times for the two programs for a 1s run.
THD(=20.9%) obtained forAt = 5 us. With the proposed ap- Evidently the execution time for the proposed algorithm is only
proach using\t = 50 us the fundamental of phaseeurrent is  slightly higher than that for the fixed time step algorithm with
34.93 A which is very close to the result for the fixed time-stepnt = 50 uS. To obtain similar accuracy, as with the proposed
approach usingAt = 5 us, a change of only).11%. The algorithm usingA¢ = 50 us, the fixed step-size algorithm
THD(=22.95%) for the proposed approach is slightly higherusing At = 5 pus took 10.29 s for the 1 s run, a ten-fold
This can be attributed to the fact that in the proposed approdohrease in execution time. These results show that the use of
the stater, (Fig. 1) is not corrected after the interpolation stepnear interpolation and step-size variation as in the proposed

Execution Time
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