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Abstract—In this paper the dynamic phasor approach will be power electronic based equipment has been treated in detalil
used for the simulation of the IEEE 39-bus benchmark test cas jn [5], where a fundamental phasor TCSC model has been

for dynamic studies. The dynamic phasor approach provides gerived by selecting first, third and fifth Fourier coeffidien
more accurate models than the quasi-stationary ones and, dhe '

same time, is computationally more efficient than detailed TP as an approprlf_:\te approx_lmatlon for the capacitor Voltage._
models. Results are compared with standard electromechacal [6], @ systematic comparison between mostly used modeling

and electromagnetical models. techniques (ABC and DQO) and the phasor dynamics approach
Index Terms—Simulation, Power System Transients, Dynamic has been made. . _
phasor approach, unbalanced conditions In these papers, since the dynamic phasors approach was

mainly used to model these components and to study their be-
havior, small sized test systems, e.g. Single Machine tefini

Bus (SMIB), have been used. However, efforts have not been

For the simulation of mixed electromagnetic and eleq‘hade to implement a new type of power system simulator

tromechanical transients in power systems, various systeMich based on the dynamic phasor representation of the

variable representations are used. The electromagnatic thvhole power system and also simulate large power systems

sients programs often use the instantaneous value refeesefi, the dynamic phasors approach. In [6], a MATLAB based
tion of system variables and system equations in the ofiging,qjon of this simulator was reported. The aim of this paper
three phases [1]. Simulations in the original three phases & i, simylate the IEEE 39-bus test system for dynamic studie
accurate but inefficient due to the presence of AC quantiti%h the dynamic phasor models and compare their accuracy

even at steady state conditions and computational performance.
Some production grade programs (e.g. SIMPOW [2]), preferThe paper will be organized as follows. First the outlines

to use the DQO reference frame models for detailed time d the dynamic phasors approach will be given. This will be

][nam. 3|rr|1ul_at|ops. ';he ad(\j/antsgle of udsmg 3QO baseﬁ mod flowed by a short description of developed simulator ldase
or simu atlon_l_s, that under aianced con itions (where Y6h the dynamic phasor representation of the power systelm wit
have only positive sequence quantities in the system) attd Whe model descriptions of some major components. Finally

frequencies near to the system frequency the variationss ulations will be performed on the IEEE 39-bus test system
the DQO transformed quantities are much slower than in tQﬁth the

original ABC quantities, so that larger numerical integmat ) _ )

step sizes can be used during numerical simulation. But if* detailed EMT-models capturing electromagnetic and elec-

there are unbalanced conditions or other harmonics in the tromechanical transients _

system, this advantage disappears, as the single reference détailed dynamic phasor models capturing electromag-

DQO transformation is unable to simulate these harmonics Netic and electromechanical transients _

efficiently. o reduced order_ dynamlc_ phasor models capturing only
In power systems the original phase quantities are period- €/€ctromechanical transients

ical or nearly periodical. The idea behind dynamic phaso&®d their accuracy and computational performance will be

approach is now to approximate a system with nearly periodiempared with each other.

guantities, with an appropriate set of time varying Fourier

coefficients, which have slower variations but nevertteles

reflect the system behavior very accurately. There has been

many applications of this approach in recent years. In [8, t The main idea oDynamic Phasor Approach is to approx-

dynamic phasors approach has been applied to synchronigte a possibly complex time domain wavefoxtr) in the

and induction machines. Reference [4] treats the appicatiinterval 7 € (¢ — 7', ¢] with a Fourier series representation of

of the same approach to simulate asymmetrical faults in powe form

systems. The application of dynamic phasors approach to o(r) ~ Re{z Xi(t) ejkw} (1)

keK

I. INTRODUCTION

II. OUTLINES OF THEDYNAMIC PHASOR APPROACH
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wherew = 27/T and X,(t) is the k" time varying Fourier set of equations and get the definition of the dynamic phasor
coefficient in complex form, also calledyynamic phasor, and model in a new set of functions andG as

K is the set of selected Fourier coefficients which provide dXx
k .
a good approximation of the original waveform (efj. = o - Fio( Xk, Yi) — jhw Xg
{0,1,2}). 0 = Gp(Xk Yz) (6)
The dynamic phasors approach offers a number of advan- ) ]
tages over conventional methods. where the dynamic phasors; become the new continuous

dynamic states an#l, the new algebraic states.

. The simulation tool has been firstly implemented in MAT-
YAB. The basic steps have been taken to implement the
developed models and algorithms also in the commercial sim-

of showina counlinas between various quantities a ulation program NEPLAN [8] for power system analysis. In
g 1pling . 9 . NEPLAN, the dynamic phasor models of major power system
addressing particular problems at different frequencies, . .
D . components have been implemented. For the components with
- As the variations of dynamic phasakg, are much slower

than the instantaneous quantitiesthey can be used to rotating masses such as synchronous machines, the dynamic
q ~they hasor models are derived based on the DQO representation

compute the fast electromagnetic transients with Iarg%}r the model equations. For other components such as trans-

step sizes, SO that.'t makes _S|mulat|0n_ potentlally f""Stﬁ{ission lines, transformer models the ABC representation o
than conventional time domain EMTP-like simulation.

. h I i in th ic ph I
- At steady state the dynamic phasdfs become constant.t e model equations are used in the dynamic phasor mode

. S . _derivation.
- The time domain simulations of such large systems wit

L : . As stated before, the key point in the derivation of the
periodically switched power electronic based components . . . .
have not only a fairly high computational burden buéynamlc phasor models is the appropriate selection of A get

in (1) for an adequate approximation of the model behavior.

also give little insight into the system sensitivities use(iihe aoprooriate set of dvnamic phasors depends on
to design controllers or protection schemes. The dynamic bprop y P P
« the selected reference frame (ABC or DQO)

phasors approach also allows an analytical insight into - .
such problems, as it approximates a periodically switched* 1€ operating conditions (Balanced or Unbalanced)
system with a continuous system. If unbalanced conditions are of concern, the system will
contain not only the positive sequence quantities but also
) o negative sequence quantities. In the DQO reference frdrae, t
« The relation between the derivatives ofr) and the fyndamental frequency ac quantities in positive and negati
derivatives of X (¢), which is given in (3), where the sequence are respectively mapped as dc and second harmonic
time argument has been omitted for clarity. This canygjyes. Due to this fact, an appropriate selectionfom (1)
easily be verified by differentiating the formula given inp the DQO reference frame would b& = {0,2} for the

- The selection of K gives a wider bandwidth in the
frequency domain than traditional slow quasi-stationa
models used in Transient Stability Programs.

- The selection and variation & gives also the possibility

Some important properties of dynamic phasors are:

(1) model derivation.
dx axX, « k=0 includes positive sequence guantities
— ) = —— —JjkwX; 3) « k=2 includes negative sequence guantities.
dt / dt

) ) ) “The zero sequence quantities are omitted as no neutrahtsirre
« The product of two time-domain variables equals a digye possible due to winding connections.

crete time convolution of the two dynamic phasor sets of | the ABC reference frame, the fundamental frequency ac

variables, which is given in (4). quantities in positive and negative sequence remain umeitan
0o as fundamental frequency values.
@y = >, (Xpa¥i) (4)
[— IV. COMPARATIVE ASSESSMENT OFMODELS

In the case studies, three different models are compared
I1l. SIMULATION FRAMEWORK AND MODELS during unbalanced faults, where two of them are based on the

The simulation framework described in [6 e thgynamic phasors approach.
smuad W scribed in [6] uses the” " n . iled EMT Models - (EMT)

Diff ial SwitchedAl i DSAR -
fflerential SwitchedAlgebraic StatReset (DSAR) equa « Detailed Dynamic Phasor Models - (DYNPH-EMT)

tions [7] for the description of the power system comportents .
model behavior. o Reduced Order Dynamic Phasor Models (DYNPH-RMS)

‘2_3; — flay) A. Detailed EMT Models

0 = g(z,y) (5) Detailed EMT Models are used in Electromagnetic Tran-
sients Programs and capture both fast dynamics due to the
Using the appropriate approximations for dynamic stateselectromagnetic transients and slow dynamics due to elec-
and algebraic stategin (1) and the properties (3-4), we cartromechanical transients. In these models, system giemntit
transform the set of andg equations of the model into a neware represented by their instantaneous vait(es



B. Detailed Dynamic Phasor Models (DYNPH-EMT) | Dynamic States: | Algebraic Statey

Detailed Dynamic Phasor Models capture both electro- EMT 584 1909

tic and electromechanical transients, similarlyh® t DYNPH-EMT 1103 2560

mag_ne| e ’ yne 1 DYNPH-RMS 245 3014
detailed EMT-models. This time however, system quantities ABLE |

are represented by their time-varying Fourier coefficients OVERALL NUMBER OF DYNAMIG AND ALGEBRAIC STATES OF THE
dynamic phasorgz(t)),. SIMULATED SYSTEM

C. Reduced Order Dynamic Phasor Models (DYNPH-RMS)

Reduced Order Dynamic Phasor Models capture only the
electromechanical transients. They are equivalent to tine f
damental frequency models used in the transient stability

=1
programs. In these models, e.g. stator flux electromagnetic =
transients of the synchronous machines and network side ele &
tromagnetic transients are neglected in the model equgation
V. SIMULATION RESULTS 2 1 2 3 4 5 6 7 8 9 10

The accuracy and efficiency of the detailed EMT models, ‘ ‘
detailed and reduced order dynamic phasor models under N
unbalanced conditions are compared in the case of the IEEE- 1 ‘

39 Bus system. The single line diagram of the simulated power . 2 it H ‘h\M | ﬁ hu it

system is depicted in Figure 1. The system consists of 39 & ! | I !

busses, 34 transmission lines, 12 two winding transformers & ]

19 loads and 10 synchronous machines equipped with IEEE- 20y 1 1 | !

DC1A automatic voltage regulators. Table | shows the total Op A A A —
number of the dynamic and algebraic states of the simulated 695 1 105 11 115 12 125 13
network with the different modeling techniques. The sirteda Time [s]

scenario is as follows. A single phase to ground fault isiggdpl Fig. 2. Overall evolution off of the 10 Generators after a single phase
at bus N16 at 1.0 second and is cleared after 0.25 Secoﬁﬂaground fault at N16 simulated. The zoomed section showsetolution

. ) ’ . ' Ufihg the unbalanced fault.
All simulations have been performed with NEPLAN [8].

A. Detailed EMT Models (EMT) with detailed EMT models. As unbalanced conditions are
Figure 2 shows the evolution of the electrical torque aif concern, negative sequence quantities will occur during
the 10 generators after the single phase to ground fautibalanced conditions. The permanent fast oscillationth wi
the double system frequency (120 Hz) during the unbalanced
R fault are due to the negative sequence electrical torque. Th
b slower electromechanical oscillations are observed irotee-
all evolution of the electrical torque, especially aftee flault
o] | — l ! is cleared. The overall CPU simulation time for this casestu
with the detailed EMT models is 99.8 seconds.

N24 -3

B. Detailed Dynamic Phasor Models (DYNPH-EMT)

Figure 3 shows the evolution of the positive sequence
electrical torque(T.), and Figures 4-5 show the evolution
of the negative sequence electrical torg{#&), of the 10
generators after the unbalanced fault. As mentioned in@ect
lll, negative sequence quantities are mapped to the second
o 2 N ns harmonics in the DQO reference frame. Figures 4-5 depict,

@é 1 % that the negative sequence electrical torque of the gemrerat

—
G0l AVR-0L % N2t

- L
i

NO5

NO i N11

(Te), arise only during the unbalanced fault and vanishes

- after the fault is cleared. The fast decaying oscillatiorith w
" LT % system frequency (60 Hz) in the dynamic phasor components

o9 AVR-02  GO2 N32

m = of the electrical torque({.), and(T.),) are due to the fast
electromagnetic transients. The overall CPU simulatiometi

for this case study with the detailed dynamic phasor models
Fig. 1. Single Line Diagram of the IEEE-39 Bus Test system is 8.517 seconds.
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Fig. 3. Overall evolution of T.), of the 10 Generators after a single phasé=ig. 5. Overall evolution of¥ { (TE)Q} of the 10 Generators after a single

to ground fault at N16 simulated. The zoomed section showsetlolution phase to ground fault at N16 simulated. The zoomed secti@wsstthe

during the unbalanced fault. evolution during the unbalanced fault.
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Fig. 4. Overall evolution offt {(T.),} of the 10 Generators after a singleFig. 6. Overall evolution ofT.), of the 10 Generators after a three phase
phase to ground fault at N16 simulated. The zoomed sectiawsstthe to ground fault at N16 simulated. The zoomed section showsetiolution
evolution during the unbalanced fault. during the balanced fault.

C. Reduced Order Dynamic Phasor Models (DYNPH-RMS) A fair comparison can be drawn only betwedbetailed

In the case of the reduced order dynamic phasor mod ,T Mode_ls and Detailed Dyn;_amlc th_asor Models as they .
simulation results are shown in Figures 6-8. Also with thesPth consider electromagnetic transients. Figure 9 depict
models the negative sequence electrical torque is capturbly Overall and a zoomed section of the overall simulation
however only the fast oscillations due to the electromagneferval- In the case of the detailed dynamic phasor models
transients are not captured. The overall CPU simulationeetinq1e mstantaneoys value of th_e electrical torquehas been
for this case study with the reduced order dynamic phas gmputed by_ using the dynamic phasor compongfity, and
models is 2.523 seconds. Te), according to

T.=R{(T.)y+ (Te)y 7%}

D. Comparative Assessment of the Results We see a good overall match between the results with EMT
In this section, the accuracy and efficiency of the dynaménd DYNPH-EMT models, meaning that they both have nearly
phasor models will be compared to the detailed EMT modethie same degree of accuracy. But if we compare the overall
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Fig. 7. Overall evolution offt {(T.),} of the 10 Generators after a single E
phase to ground fault at N16 simulated. The zoomed secti@wsstthe o 6
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Fig. 9. Comparison of the electrical torqig of Generator 10 (G06) com-
puted with EMT-models and detailed dynmaic phasor modeie Zoomed
section shows the evolution during the balanced fault.

S{(Te)y} pul

taneous values an become dc quantities at steady state. Thus
larger step sizes can be performed during simulation psoces

As shown in Table |, even though the number of simulated
variables increases with the dynamic phasors comparecto th
EMT models, the simulations are much faster due to the slower
variations of the dynamic phasors.

The reduced order dynamic phasor models are kept out
Bos 1 1305 11 1i15 12 1i25 13 of thi_s comparison as they neglect the fast eIectrom:_:\gnetic
: ‘ Time [s] : ' : transients and only capture the slower electromechanial o

Fig. 8. Overall evolution of {(T.),} of the 10 Generators after a singlec'"a‘t'ons' TheY are equwa_lent to the fundamental freqyen
phase to ground fault at N16 simulated. The zoomed sectimwvsthe mModels used in the transient stability programs. They have
evolution during the unbalanced fault. reduced accuracy compared to the detailed models, but are
also faster in the computation time.

S {(Te)s} [pu]

CPU simulation times shown in Table II, simulations with the | EMT | DYNPH-EMT [ DYNPH-RMS |
detailed dynamic phasor models are at leat 10 times fastar th [99.8[s] [ 8517[s] | 2523[s] |
the detailed EMT models by keeping same degree of accuracy. TABLE Il
The detailed EMT models are described by the instampusimMuLATION TIMES OF THE SINGLE PHASE TO GROUND FAULT WITH
taneous values of the electrical quantities. In large power DIFFERENT MODELING TECHNIQUES
systems the representation of network voltages and csrrent
with instantaneous values increases the computationdebur
due to the presence of AC phase quantities varying with the
power frequency or system frequency (50, 60 Hz) even during VI. CONCLUSIONS
steady state conditions. In this paper, a new type of power system simulator based
Simulations with phasor dynamics are more efficient as tlom the dynamic phasor representation of the whole power
electrical quantities are represented by their Fourielffeoe system has been used to simulate a realistic power systeam. Th
cients and their variations are much slower than the instagimulation tool is an integral part of the commercial power




system analysis program NEPLAN [8]. Results have shown
that the dynamic phasor models allow an accurate and efficien
simulation of the electromagnetic transients also of stali
power systems. The detailed dynamic phasor models are as
accurate as the detailed EMT-models, but computationally
more efficient. In the simulated IEEE-39 bus test system, the
dynamic phasor models were approximately 10 times faster
than the detailed EMT models.
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