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Abstract: With the increasing penetration of electronic loads and distributed energy resources, conventional load models
cannot capture their dynamics. Therefore, a new comprehensive composite load model is developed by Western Electricity
Coordinating Council (WECC). However, this model is a complex high-order non-linear system with multi-time-scale property,
which poses challenges on power system studies with heavy computational burden. In order to reduce the model complexity,
the authors firstly develop a large-signal order reduction (LSOR) method using singular perturbation theory. In this method, the
fast dynamics are integrated into the slow ones to preserve transient characteristics of the former. Then, accuracy assessment
conditions are proposed and embedded into the LSOR to improve and guarantee the accuracy of reduced-order model. Finally,
the reduced-order WECC composite load model is derived by using the proposed algorithm. Simulation results show that the
reduced-order large-signal model significantly alleviates the computational burden while maintaining similar dynamic responses

as the original composite load model.

1 Introduction

Power system load modelling is important for power system
studies such as stability analysis, optimisation, and controller
design [1]. Although this topic has been widely studied, it is still a
challenging problem due to increasing diversity of load
components and lack of detailed load information and
measurements.

Load models can be classified into static and dynamic ones.
Static load models such as static constant impedance—current—
power (ZIP) model and exponential model have simple model
structures [2, 3]. However, they cannot capture the dynamic load
behaviours [4-10]. Motivated by the 1996 blackout of the Western
Systems Coordinating Council, a widely-used dynamic composite
load model was developed [11]. The model consists of a ZIP and a
dynamic induction motor (IM). It was designed to represent highly
stressed loading conditions in summer peak hours. However, this
interim load model was unable to capture the fault-induced delayed
voltage recovery events [7]. A preliminary Western Electricity
Coordinating Council (WECC) composite load model was
proposed by adding an impedance representing the electrical
distance between substation and end-users, an electronic load, and
a single-phase motor [12—14]. After a series of improvements, the
latest WECC composite load model (CMPLDWG) is developed as
shown in Fig. 1. The electrical distance between the substation and
end-users is represented by a substation transformer, a shunt
reactance, and a feeder equivalent. The model consists of three
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Fig. 1 Schematic diagram of the WECC CMPLDWG [13]
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three-phase motors, one aggregate single-phase AC motor, one
static load, one power electronics component, and one distributed
energy resource (DER). The DER in CMPLDWG is currently
represented by the PVD1 model [15]. However, PVDI1 has 5
modules, 121 parameters, and 16 states, which is as complex as the
CMPLDW itself. Therefore, the Electric Power Research Institute
(EPRI) has developed a simpler yet more comprehensive model to
replace PVD1, which is named as DER_A model [15].

The above WECC CMPLDW + DER_A model is a complex
high-order non-linear dynamical system with multi-time-scale
property, which means the state vector is high-dimensional and the
transient velocity of each state varies significantly. These
characteristics result in two main challenges. Firstly, it increases
the difficulty of dynamic stability analysis due to the numerous
state variables. Secondly, it makes simulation studies of a high-
order power system computationally demanding or even infeasible.
There are two main reasons for this high computational burden.
One reason is the shear dimensionality of the problem. The other
comes from the two-time-scale property of the model. This makes
solving the model a stiff ordinary differential equation (ODE)
problem, which requires small time steps to calculate the fast
dynamics, and consequently results in long computational time to
capture slow dynamics. The fast dynamics are often introduced by
the intentionally added inductance and capacitance, moment of
inertia, and parasitic elements inherent in the system [16].
However, simply neglecting the fast dynamics may lead to
modelling inaccuracies in dynamic response and stability property.
In order to accelerate computation while maintaining the accuracy
and faithful stability property of the original load model, it is
imperative to develop a high-fidelity reduced-order load model. To
our best knowledge, this is the first paper on dynamic order
reduction of WECC composite load model especially containing
the DER_A model.

The existing model reduction methods usually project the
higher dimensional counterpart into a lower dimensional subspace
where dynamic features of the original model dominate. Singular
perturbation is the kind of method which considers the fast
dynamics as boundary-layers and includes their solutions into slow
dynamics. Singular perturbation method is suitable for analysing
two-time-scale problems and is widely used in power systems
analysis. Previous applications include the derivation of reduced-
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order modelling of synchronous machines [17], microgrids [18],
and distribution grid-tied systems with wind turbines [19].
However, these papers fall short of guaranteed accuracy and cannot
be directly applied to the WECC composite load model due to the
different system characteristics.

Therefore, this paper develops a novel accuracy assessment
theorem which takes into account the impact of external inputs on
the accuracy of reduced system. By embedding the theorem, we
propose a high-fidelity order reduction approach for WECC
composite load model. The derived high-fidelity reduced-order
model can replace the original model in power system simulations
for stability analysis and control applications with less
computational complexity. Specifically, we improve the accuracy
from two aspects. Firstly, without any simplification or
linearisation, we adopt the large-signal order reduction (LSOR)
method based on singular perturbation theory to maintain all the
dynamic characteristics of the original system. Secondly, we
propose sufficient conditions for accurate order reduction, and then
integrate them into the LSOR method to theoretically guarantee the
high accuracy of the reduced-order model. Note that this proposed
approach is general and can be applied to various dynamic models.

The rest of the paper is organised as follows. Section 2 proposes
high-fidelity order reduction approach in a general form. Section 3
introduces mathematical representation of WECC composite load
model. Section 4 derives the reduced-order model using the
proposed method. Section 5 shows the simulation results and
analysis. Section 6 concludes the paper.

2 High-fidelity order reduction method

Accurate load modelling is essential to power system studies. To
solve the challenges raised by high-order characteristics of WECC
composite load model, we propose a general approach for high-
fidelity order reduction in this section. We first introduce the LSOR
method based on singular perturbation theory. A novel accuracy
assessment theorem is then derived and embedded into the LSOR
to guarantee the accuracy of reduced-order model.

2.1 LSOR based on singular perturbation theory

Consider a standard singular perturbation model as follows:
x=fx,z,u,¢), e}
ez =g(x,z,u,¢), 2)

where x € R" represents slow state vector, z € R" denotes fast

state vector, u € R” denote external input vector, and € € [0, &]; f
and g are Lipschitz continuous functions.

Remark 1: Selecting the perturbation coefficient ¢ for real
physical systems is challenging. In most cases, we pick it based on
our knowledge of the real system. In cases where it is unclear
which parameter is small, we can locally linearise the system
around the equilibrium point and use modal decomposition to
identify the slow and fast dynamics.

When ¢ is small, the fast transient velocity z = g/e can be much
larger than that of the slow transient x. To solve this two-time-scale
problem, we can set € = 0, then (2) degenerates to the following
algebraic equation:

0=g(x,z,u,0). 3)

Assuming that (3) has at least one isolated real root, and satisfies
the implicit function theorem, then for each argument, we can
obtain the quasi-steady-state (QSS) solution in a local vicinity
around the isolated root

7= h(x,u). @)

Substituting (4) into (1) and setting € =0, we obtain the QSS
model

x = f(x,h(x,u),u,0). 5)

We call the QSS system (5) the reduced-order model since its order
drops from n + m to n. The slow states can be obtained by solving
the reduced-order model (5), whereas the fast states are represented
by (4). However, (4) only gives approximate solution unless ¢ is
zero. To quantify the error between approximate and actual fast
states, we denote the error as y = z — h(x, u). Then in the fast-time-
scale 7 = t/¢, the dynamics of y are governed as follows:

dy _ X
e G(x,y,u,¢)

=g(x,h(x,u) +y,u,¢) (6)
oh , oh .
—€ aj(x, h(x,u)+y,u,¢e) + |

Let £ = 0, we obtain the boundary-layer model

% =g(x,y+ h(x,u),u,0). @)

Note that the exact fast states are z = y + h(x, u), but we do not
know (x,y). Therefore, if we can guarantee the accuracy of
reduced-order model and boundary-layer model, then we can use
their solutions (%,y) instead of (x,y). However, these models are
exact only when ¢ is exactly zero, which is obviously not the case
for the studied system. Thus, we need to quantitatively assess the
accuracy of reduced-order model when ¢ is small yet non-zero.
This motivates the next subsection.

2.2 High-fidelity LSOR with accuracy assessment

Before deriving the performance guarantee of the proposed high-
fidelity order reduction approach, we first introduce a few technical
definitions and assumptions.

Definition 1: Class K function «:[0,7) - [0,00) is a
continuous strictly increasing function with a(0) = 0.

Definition 2: Class & < function f:[0,1) X [0, 00) — [0, 0) is 2
continuous function satisfying: for each fixed s, the function f(r, s)
belongs to class #; for each fixed r, the function pf(r,s) is
decreasing with respect to s and f(r, s) — 0 for s - oo.

Definition 3: |f| = O(e) is equivalent to |f| < ke.

Assumption 1: The functions f, g, and their first partial
derivatives are continuous and bounded with respect to (x, z,u, €);
h and its first partial derivatives 0h/0x, oh/ou are locally Lipschitz;
and the Jacobian dg/0dz has bounded first partial derivatives with
respect to its arguments.

Assumption 2: The reduced-order model (5) is input-to-state
stable with Lyapunov gain a as follows:

X< BN xO) 1O +aCllull), ®)

where x is a solution of (5), § is a function of class XZ, a is a
class & function, and || - || denotes any p-norm.

Assumption 3: The origin of the boundary-layer model (7) is a
uniformly globally exponentially stable equilibrium and the
solution y of (7) follows that

| 3@ I S ke ™, Y720, ®

where k, and a are positive constants.

Assumption 1 describes the basic growth conditions on the
original system which are commonly satisfied for power load
models. Assumptions 2 and 3 are stability conditions on reduced-
order model and boundary-layer model, respectively.
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Then, we propose the accuracy assessment index in the
following accuracy assessment theorem, which will be embedded
into the LSOR to realise high-fidelity order reduction. Before that,
we give the following lemma for the proof of the theorem.

Lemma 1: Assume max {|| x(O) [, [ yO) Il wll, I ull} < p
holds for some positive constant p. Then there exists a class #Z
function f,, a class # function a, and positive constants y, and &
satisfying p, > f.(u,0) + a,(p) + & such that || x(r) || < p, for all
t €0, 00).

Proof: According to the definition of class #Z functions, we
have f.(1,0) < u,V p € R, so u, > u. Since x is continuous with
finite initial conditions, we can find a maximal interval [0, ,,,), in
which || x(?) || < u,, where f,,,, > 0 is defined as the upper bound
of the interval. From the definition of u and the assumption that ,,,
is finite, there must be some positive constant A¢ such that
[| x(@) || < u, holds for all r € [0, 1, + Af). This contradicts that
tmx 18 the upper bound, so f,. should be infinite and
I x0) || < ¥ 1 € 0, 00). 0

Theorem 1: If Assumption 1-3 are satisfied, then there exist
positive constants &', u, such that for all 7€ [0,o0),
max {[| x(O0) I, | y©) Ll ull. @]} <pu, and e€(0,€], the
errors between solutions of original system (1) and (2) and its
reduced-order model (5) and boundary-layer model (7) satisfy

x(t, €) — 3(1) = O(e), (10)
(t, €) — h(X(t), u(?)) — y(t/e) = O(e), (1)

where x(¢) and y(r) are the solutions of reduced-order model (5)
and boundary-layer model (7), respectively. Furthermore, for any
given T > 0, there exists a positive constant ¢ * < &” such that for
t€[T,o)and e < &7, it follows that

2(t, €) = h(x(0), u() = O(e) . (12)

Remark 2: Equation (11) means that when Assumptions 1 and 3
are satisfied, we can use & + y to accurately represent the solution
of fast dynamics for ¢ € [0,¢"] and bounded inputs. However, it
requires solving the boundary-layer model. Further, (12) means
that if e < " < ¢, the solution of fast transient can be estimated
by only h(t, x(t)) after T > 0. This result significantly simplifies the
order reduction.

Proof: From Assumption 2, we know that the solution of
reduced-order model is bounded for bounded inputs. Therefore, we
can expect that x is also bounded if || x — x || = O(e). However,
we cannot use this inequality since it has not been proven yet.
Therefore, we exploit signal truncation as Lemma 1 to show that x
is in a compact set. Then by Assumption 1, we have that the
argument of f(x,z,u,€e) is compact. Since f is continuous, it
follows that f'is bounded, i.e. | f| < ko, and x(¢) is Lipschitz.

Then using Assumptions 1, 3, and Lemma 9.8 in [16], we
conclude that there exists a Lyapunov function V,(x,y,u) and
positive constants by, b,, ..., bs and p, satistfying

I| |I bl y s I| |I bsll v I I| |I boll v I,

(15)

forallye { ||yl <p,} andall (x,u) € R"x R”.
To assess the accuracy of solutions of fast dynamics, we define
the estimation error as

0y(t,€) = y(1,€) = Y(1). (16)
Differentiate  both  sides of (16) and  abbreviate
x(ty + €1, €), y(7, &), u(ty + €7, €), 0,(7,€) as x,y,u,o,, respectively,
then we have

do, A
5 = = G(x,y,u, &) — G(x, y, y, 0) a7

= G(x,0y,u, 0) + AG,

where AG = G(x,y,u,¢) — G(x, 0y, u,0) — G(x, ¥y, o, 0). Utilising
the Lipschitz conditions of G and x, and the condition of Lemma 1,
we have (see (18)) for some non-negative constants
a,k,i=1,...,5 and non-negative Lipschitz constants
l,j=1,...3, where
ks = I, + k, max {Lky, b + Lko} X max {1,1/a}.

Equation (17) can be viewed as the perturbation of

doy _
? = G(x, a_v,u,O). (19)

Using (13)—(15) and (18), the derivative of Lyapunov funtion
V,(x, 0, u) along the trajectories of (17) can be calculated as

aVy 1 6Vy 6Vy .
Wf—F; 6_0'y(G+AG)+Wu

b
<bsko || oy |I” - ;3 Il oy I* + b |l 0y II°
b 2 at
+= oyl all oy IIF +kiks [l oy [l € + eks)  (20)

b bk k:
. N + 47136_111 ” oy ||2 + b,k ” Oy ”

<-2o
2 —ar
< _E(fl —&eT NV, + 263\/7}',
for 0<e<ée and || oy || < bi/(4bsky), where & = bi/(4by),

& = bikks/ (2b)), & = biks/(24/by), and &" = b/ (bsky + bp).
Let W, = JVy and use the comparison lemma, we have

W,(7) < ¢(z, )W (0) + eé/rqﬁ(‘r, s) ds, 20

lp(z, )| = e @r-exm ]| < e, (22)

for some positive constants &, and 4. Since 6,(0) = O(e), it follows
that oy(7) = O(e) for all 7> 0. Then we can conclude that (11)
holds Ve < e"and V ¢ > 0.

Moreover, from (9), we have e < e, V at > eIln(1/¢), then

b P LV, yu) < b ’, 13 A . :

iy 6y, b1y (13) the term y(z/e) will be O(e) on [T,c0) for € € [0, "], where

V. (¢"*,T) is a pair of solution of

GLCE 0 < = by I, (14)

eln(é) =aT. (23)

N AG | <k lloyI” +eb+ s ll oyl +b|u—u|+L1x=x1) 15
<k ” Oy ”2 + k|k3 ” Oy || e T+ el + 8(12HT + l3k4 + lgk()T)e_aT (18)

<kl oy 1> +kiks || oy || e + ks,
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1: Find the perturbation coefficients . Identify the states with ¢ as
fast states, while the others as slow states.

2: procedure REDUCED MODEL DERIVATION
Let € = 0, solve the algebraic equation (3) to obtain the

isolated QSS solutions z = h (z, u).
Substitute z into (1) to obtain reduced-order model (5)
Derive the boundary-layer model using equation (7).

: end procedure

: procedure CALCULATE THE BOUND OF ¢

Calculate e* = b3/ (bsko+bep).

9: Calculate ¢** by solving equation (23).

10: end procedure

11: procedure ACCURACY ASSESSMENT

12: ife <& then

w

AN AR

13: if ¢ < €** then

14: z = h(&,u) is the solution of fast dynamics
15: else

16: Use z = h(&,u) + y by solving (7).

17: end if

18: else

19: Return to Step 1 to re-identify slow/fast dynamics
20: end if

21: end procedure

Fig. 2 Algorithm 1: high-fidelity order reduction

Fig. 3 Block diagram of three-phase motor adopted in the WECC
composite load model [14]

Now we have proved the accuracy of the solutions of fast
dynamics. To show the conditions for accurate solutions of slow
dynamics, we can define 6,(t,¢) = x(t, ) — x(£). As (13)~(22), it
can be verified that if Assumptions 1-3 are satisfied, then (10)
holds for e € [0,¢"] and all 1 € [0, 00). O

Remark 3: Note that ¢ is a function of the bound of input
signals and it follows that

”nino = bf]; and lim ¢ =0. (24)

This means when inputs are zero, the upper bound of ¢ is equal to
that of its autonomous system; while when the inputs are
unbounded, ¢ must be exactly zero to guarantee the accuracy of the
reduced-order model. This result reflects the impact of external
inputs on the accuracy of the reduced-order model.

The overall algorithm of this proposed high-fidelity order
reduction method can be concluded as Algorithm 1 (see Fig. 2).
Q2
3 Mathematical representation of
composite load model

WECC

To apply the singular perturbation theory, we need the
mathematical representation of WECC composite load model,
which can be found in our previous work [20]. Since our objective
is to reduce the order of dynamic parts, the static ones such as
single-phase motor (which is modelled as a performance model
[14]), electronic loads [2] and static load are out of the scope of

4

this paper. For brevity, only the mathematical representation of
dynamic components is introduced in this section.

3.1 Three-phase motor model

WECC composite load model uses three three-phase fifth-order
IMs, called motors A, B, and C, to represent different types of
dynamic components. These three-phase motors have the same
structure but different parameter settings. The block diagram of the
IM model is shown in Fig. 3. There are four dynamic equations
with respect to Ey, Ej, Eg’, and Eq. By adding the dynamic
equation governing the slip s, we can represent the complete fifth-
order model as follows:

: 1 .
Ey=g{-Eym L= 1)~ Ei-ones Tl (9)
: 1 .
Ey= T—O[—E3+ if(Ls— L) + Ey - @y - 5 - Tpy, (26)
p
S Ty — Tppo . TPPO(LS — Lp) + TPU(LP — Lpp) :
Ey = Ey I
TPOTPPO TPUTPPO (27)
1 \
—mEéi — Wy S - Ed’
Ey = Tpo—Tppo E)+ TppolLs = Lp) + To(Lp = Lpp) i
T[")Tl’l’o T[’UTP[’0 (28)
1
— E'+ s El,
Tppo @ ¥t B
L p‘Ed”'id+q'EqN'iq_TL
§=- SH . (29)
The algebraic equations are
T1. = Tmo( AW’ + Bw + C, + DwE™), (30)
Tmo = pEa"igo + qEq0"iqo, 31
w=1-s, 32)
. Ts LPP
ig=—5—-5Wa+Ey)+ 55—V, +E),
d 7'5+Lf,p( d d) r:_{_l;p( q q) (33)
. Ts LPP
ig=—5—5WVe+Ey)— 55— Va+ Ey),
q r§+L;p( q q) r§+L§p( d d) (34)
P = Viig + Vyig, 35)
0 = Viig — Vi, 36)

where Ey, Ey, Ey’, Eq’, and s are the five state variables; L, L, and
L,, are synchronous reactance, transient, and subtransient
reactance, respectively; Ty, and Ty, are transient and subtransient
rotor time constants, respectively; and @, is the synchronous
frequency.

3.2 DER_A model

Recently, EPRI developed a new model to represent aggregated
renewable energy resources named DER A which has fewer states
and parameters than the previous PVD1 model. The block diagram
of DER_A is shown in Fig. 4 and the dynamic model is as follows:

1

So=7~(Ve=5), (37)
v

; 1
S = Tp(ss =S, 38)
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Fig. 4 Block diagram of DER_A in the WECC composite load model developed by [15]

Sz Qref . _
o T Ty e = “
T _i_'_ tan(pfaref)xS]ifPf — (39)
Ty ' Tig-sau(s) ™7
sat,{ S, + saty| DBy(Vieto — So) - Kqv|} — s
T,
. if Vigipflae = O,
S3 _ tripflag (40)
Satz{sz + Sata[DBV(Vrefo =5 va]} )
Ty
if Viiptlag = 1,
1
= T(VP(SOs Vrfrac) - S4)’ (41)
1
§; = 7_(Freq —S5). (42)
Ss = Kigsat,{ Pref — Sy + sats[Dyy - DBp(Freqyer — S5)]
+sat6[D - DBg(Freqer — S )]} + &S
up F ref 5 T 1 (43)
+Gyn(Freq — Ss) + Gyp(Freq — S5) — %,
0 if Freqga, = 0,
— ‘ . flag (44)
saty[sat;(Sy)]  if Freqp, = 1,
S = L(S ) (45)
8 Tpord 7 8)s
1 sat;(Sg) _ ] 4 _
) T’ [satl(SO) X S4 S9 if thpﬂag =1, »
" i[ [Sa“(s’ﬂ)]—slifvv =0 o
T satl(SO) 9 tripflag = Y

where sat;(x),i = 1,...,9 are the saturation functions; DBy(x) and
DBg(x) are deadzone functions with respect to voltage and
frequency, respectively; and VP(x, Vig,.) represents the voltage
protection function, which is a piece-wise algebraic function. The
parameter definitions are given in Table 1. Here we only
summarise the dynamic equations that will be used in the order
reduction. The complete detailed mathematical model can be found
in [20].

4 Reduced-order WECC composite load model
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In this section, we will derive the reduced-order large-signal model
of WECC composite load model using singular perturbation
method. For the purpose of order reduction, we only focus on the
dynamic components. These components are connected in parallel
and we will reduce each individual component's order.

4.1 Reduced-order three-phase motors model

Each  three-phase = motor  model has five states,

M= [E(’],Ea, E{, Ej,s]. When applying Algorithm 1 (Fig. 2), the
first step is to identify the slow and fast dynamics. Since the fast
dynamics are characterised by the small perturbation coefficient &,
we rewrite the left-hand-side of the dynamic equations as

: 4 : S
[TooEq: TooEs TopoEgs TopoEd, Hs|' - (47)

Given one set of parameter setting in Table 2, (47) becomes

[0.1E, 0.1E4,0.0026E3, 0.0026E5, 0.15] . (48)
The smaller perturbation coefficients in (48) suggest that dynamic
response velocities of [Eé’ E}, s]T are much slower than the rest of
the states. This difference is also an evidence of the two-time-scale
property of this model. Then the slow and fast dynamics are
divided as Xy = [y, 2] where xy = [Eg. Eg s]T, M= [E&,EQ]T.
For consistency, denote the input voltages [V, Vd]T as Uy

Following the singular perturbation method (1)—(5), we can obtain
the reduced-order large-signal model of three-phase motor as

. 1 .
M1 = T_U[_XMl - ld(Ls - Lp) — @ Ty Xna XM3], (49)
p
. 1 .
Mo = T—O[—XMZ + lq(LS - Lp) + @y Tpy XM )CM3], (50)
p
. T —p-h(xy) - ig—q - l(xy) -
gy = PR e AN (51)

where the QSS solutions are

h(x) = l?[(Lprws)le (Lp = Lyp)ronns )
—(Lp = Lyp)LpUy = (L = Ly )1 U],
ho(xm) = [(Lp Lyp)rsomi = (LplLpp + 1)z

Lp (53)
+(Lp = Lyp)rsUs = (Ly = Lyp) U]



Table 1 Parameter definition of DER A model [15]

Parameter Definition

Tw transducer time constant (s) for voltage measurement
T, transducer time constant (s)

Tig Q control time constant (s)

Viefo voltage reference set-point > 0(pu)

Kgy proportional voltage control gain (pu/pu)

T, current control time constant (s)

Pfpiag 0 — constant Q control, and 1 — constant power factor control
Inax maximum converter current (pu)

dbdl lower voltage deadband < O(pu)

dbd2 upper voltage deadband > 0(pu)

T, time constant on the output of voltage/frequency cut-off
Vi voltage break-point for low voltage cut-out of inverters
Vi voltage break-point for low voltage cut-out of inverters
Vho voltage break-point for high voltage cut-out of inverters
Vhi voltage break-point for high voltage cut-out of inverters
Lo timer for Vy, point

Ly timer for vV}, point

Ivho timer for Vy, point

Ivhi timer for Vy, point

Vifrac fraction of device that recovers after voltage comes back to within V), < V < Vy,
T transducer time constant (s) for frequency measurement (must be > 0.02s)
Kpe active power control proportional gain

Kig active power control integral gain

Dy, frequency control droop gain > 0 (down-side)

Dyp frequency control droop gain > 0 (up-side)

Sfemax frequency control maximum error > O(pu)

Sfemin frequency control minimum error < 0(pu)

fabdi lower frequency control deadband < 0(pu)

fabdz upper frequency control deadband > 0(pu)
Freqfiag 0 — frequency control disabled, and 1 — enabled
Prin minimum power (pu)

Prax maximum power (pu)

Tpora power order time constant (s)

dPryin power ramp rate down < O(pu/s)

dPax power ramp rate up > O(pu/s)

Viripflag 0 — voltage tripping disabled, 1 — enabled

Iqn minimum limit of reactive current injection, p.u.

Ighi maximum limit of reactive current injection, p.u.

X, source impedance reactive > 0( pu)

Flipiag 0 — frequency tripping disabled, 1 — enabled
PQiag 0 — Q priority, 1 — P priority — current limit
typeflag 0 — the unit is a generator Iy, = 0, 1 — the unit is a storage device and Ippin = — Iymax
Vor voltage below which frequency tripping is disabled

Denote xp; = 1 — xuvs. The other algebraic equations are

T = Two|A S + B 3w + Co+ D iy,

Tmo=p - () - la+q - G - i,

. T L,

g = Umi + x1) — Umz + xm2),

q r§+Lé( M1+ Xm1) r§+L12)( M2 + XMm2)

. r‘

4= 2Lp 2(UM1+XM1)+ 5 > Z(UM2+XM2).
rs+Lp TS+LP

By solving (23),
(T,e*") =(0.012,0.035).

can find a pair
Since

we

em = 0.0026 < 0.035,

(54) solutions of fast dynamics Zy; converge to /(xy;) exponentially fast
within time 0.012 s which is short enough. Therefore, we can use
(55) only the QSS solution A(xy) to represent the solution of fast
dynamics.
(50) 4.2 Reduced-order DER_A model
The DER_A model has ten states in total, Xp = [S,, S, ..., Sol™.
(57) Different from the three-phase motor model, due to the existence of

switches such as Pfy,, and PQy,,, the DER_A model is actually a

switching system consisting of 2°=64 subsystems. Each
subsystem is determined when the switches are fixed. Since these
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Table 2 Parameter setting of three-phase motor model

Motor A Motor B Motor C

TsA 0.04 B 0.03 rsc 0.03
Lea 1.8 Ly 1.8 Le 1.8
Loa 0.1 Ly 0.16 Lyc 0.16
Lppa 0.083 Lypg 0.12 Lypc 0.12
Tyon 0.092 Toos 0.1 Tpoc 0.1
Topor 0.002 TopoB 0.0026 Topac 0.0026
Hy 0.05 Hy 1 Hc 0.1
Ap 0 Ap 0 Ac 0
B, 0 By 0 Be 0
Ca 0 Cs 0 Ce 0
Dy 1 Dy 1 Dc 1
Eiqa 0 Eugp 2 Euqc 2
PA -1 Ps -1 Pc -1
da -1 s -1 dc -1
o 1207 won 1207 woc 1207

switches are preset, we only need to derive the reduced-order
model for each subsystem. For brevity, we give the reduced-order
model for one of the subsystems to illustrate the model order
reduction procedure. The reduced-order models for other
subsystems can be obtained using the same method.

To find &, we rewrite the dy namics as

[TevSo,
TS,
TiqSZs
TS,
TS,
Trfs.%
. . T
TP - TiSes 7, TpurdSS, Tgso]

(58)

Given the parameter setting in Table 3, (58) becomes (see (59))
The smaller perturbation coefficients in (59) suggest that dynamic
response velocities of [Sy, S, Ss, S7]T are much slower than other
states. This difference is also an evidence of the two-time-scale
property of this model. Then the slow and fast dynamics are
divided as  %p=[¥ip,zp]',  where  xp=I[S,S), S5 S,
2D = [0, S5, Sis Ser S, So] . Define the terminal voltage and
frequency [V,, Freq] as Up. Following the same procedure as
above (1)—(5), we can derive the reduced-order large-signal model
of DER A as

. 1
XD1 = T_(UD] — XD1)s (60)

v

. 1
XDy = T(-XDA — XDo), (61)

p
Xp; = L(U — Xps) 62
D3 = Trf D2 D3)s ( )
xps=0. (63)

To obtain the output power, we also need to calculate the output
currents, which are identified as fast states. According to
Algorithm 1 (Fig. 2), there are two options to represent the
solutions of fast dynamics depending on the magnitude of e. For

simplicity, it it better to use only the QSS solution to represent the
fast states since it does not require solving the boundary-layer
model. Let e** = 0.06 to make sure max {ep} < ¢" ", then solving
(23), we obtain T = 0.242 s. This means if we use only the QSS
solutions, the solution of fast dynamics is inaccurate within 0.242
s. This time period is intolerably long for stability analysis.
Therefore, we should use z = h + y by solving the boundary-layer
model. The d—¢ axis currents iy and i are states S; (zp,) and Sy (zp),
respectively. Their equations are

iq = sat{y(xp)} X VP(xp1, Vifrac) + Ipos (64)
. sat;(xp,) N
1q = saty W X VP(XD[, Vrfrac) + Ype» (65)

y(p) = + Kgvsats[DBy(Viero — xp1)],  (66)

sat,(xp;)
where yp, and yp are the solutions of boundary-layer model
Yp1 = —YD1s 67)

VD2 = Yp3 = Yp2 — VPOD1, Vifrac) X

{saty[y(xp)] + sat, [yp, + 7(xp)]}. (68)
YD3s = —YDs»
Yps = —TitYpss (69)
YDs = —Ybs» (70)
Yoo = — sat| S2UED Y P, Vi) (71)
De 9 sat,(xD,) De 1> ¥ rfrac

sat + X
+ 9[M X [yD3 + VP(XD[, Vrfrac)] . (72)

sat,(xp,)

5 Model validation via simulation

In this section, the reduced-order models of three-phase motors and
DER_A are tested in Matlab using different solvers. We compare
the performance of reduced-order model with original model to
verify the effectiveness of the proposed high-fidelity order
reduction approach. Moreover, we compare the computational time

[0.18,, 0.1S), 0.0058,, 0.0058;, 0.0058,,0.1Ss, 0.1-0.18, S, 0.0058;, 0.0058,]". (59)
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Table 3 Parameter setting of DER_A model (base: 12.47 kV and 15.0 MVA)

Parameters Values Parameters Values
Tr 0.1s T, 0.1s
T; 0.005s Viefo Opu
Kqy 5 pu/pu T, 0.005 s
Pl 1 Lo 1.2 pu
dbdl —0.05pu dbd2 0.05pu
T, 0.005s Vio 0.44 pu
Vi 0.49pu Vho 1.2pu
Vi 1.15pu Hio 0.16s
tin 0.16s tvho 0.16s
funt 0.16s Vitiae 0.7
T 0.1s Kpe 0.1 pu
Kig 10 pu Dy, 20 pu
Dy 0pu Femax 99 pu
Fomin —~99pu Fava —0.0006
Savbaz 0.0006 Freqpag 0
Prin Opu Prax 1.1pu
Tpord 0.005s dPpin —0.5pu/s
dPpax 0.5pu/s Viipflag 1
I —1pu Ign 1pu
X. 0.25pu Fripflag 1
PQag 0 typeflag 1
Vor 0.8 pu a 0.8 pu
b 5s c 1s
d 0.9pu
a if 1 <t<(1+5b/60)
_ V() = (d=de-1-c) _:/)6(2)_—1;@ +1 if A+b/60)<t<1+c (73)
3 1 otherwise
= ! = 12 Figs. 5-7 show the state responses of E4 and E; for three-phase
motors A, B and C, respectively. The blue solid lines denote £y and
0 1 2 3 4 5 Ej of the original model, while the red dashed lines represent those

E' (p-u)

1 1.1 1.2

—Original model = Reduced model

0 1 2 3 4 5
Time (s)

Fig. 5 Dynamic responses of Ey and E§ of reduced/original models of

three-phase motor A

between two models using different solvers to show the reduction
of computational burden.

5.1 Validation of reduced-order three-phase motors

To verify the proposed reduced-order model of three-phase motor,
we simulate the reduced and original model in Matlab with the
same input voltage. Consequently, we can compare their output
power and other states. Refer to an EPRI white paper [15, 21], this
paper tests a voltage sag benchmarking bus voltage input that is
generated by (73). The parameters are set as Table 2 referring to
[22].

of the reduced-order model. Figs. 8-10 show the output real and
reactive powers. The blue solid lines denote the real and reactive
power of the original model, while the red dashed lines represent
those of the reduced-order model. The mean squared errors of real
and reactive power between the original and reduced-order model
are shown in Table 4. The small errors show the accuracy of the
proposed reduced-order three-phase model. Moreover, if using
ODE45, which is a solver for non-stiff ODE problems, the
computational time of the original and reduced-order model are
8.8120 and 0.1926s, respectively. If using ODE1S5 s, which is a
stiff ODE solver, the computational time of the original and
reduced model are 1.0975 and 0.1785s, respectively. This
comparison shows that the singular perturbation method converts
the original high-order stiff problem to a reduced-order non-stiff
problem while considerably reducing the computational time. This
reduction will be more significant in large-scale system with
multiple composite loads.

5.2 Validation of DER_A model

Similar to the verification of three-phase motor, we simulate the
original and reduced-order model of DER A in Matlab. The
voltage input is the same as (73). The frequency input is set to be
60 Hz. The parameter setting follows the reliability guideline in
[23] as Table 3.

Fig. 11 shows the dynamic responses of DER_A. The blue lines
denote the output powers of original model, while the red lines
represent those of reduced one. Fig. 12 shows filtered voltage Vg,
filtered generated power Pgeyfii, and filtered current i and iy of
reduced and original model of DER_A. The mean square errors
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Fig. 8 Real/reactive powers of reduced/original models of three-phase
motor A

(MSEs) of real and reactive power are 7.1363 x 10™* and

1.3045 x 107°, respectively. Further, the computational time of
original and reduced-order model using ODE45 are 11.205 and
0.2074 s, respectively; the computational time of original and
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Fig. 10 Real/reactive powers of reduced/original models of three-phase
motor C

Table 4 Mean squared errors between original and
reduced-order model of three-phase motor
Power motor Mean squared error

Motor A Motor B Motor C
real power 1.0509 x 107" 1.1295x 10™*  8.0264 x 107
reactive power 1.1422x 107 1.4294x 107  2.1112%x107°

reduced-order model using ODE15s are 2.0012 and 0.1598s,
respectively.

6 Conclusion

This paper proposes a high-fidelity LSOR approach for the latest
WECC composite load model including DER_A. The derived
reduced-order model has guaranteed high accuracy that can replace
the original load model in high-order system simulation to perform
power system studies. This replacement can significantly reduce
the difficulty of stability analysis and computational burden. The
simulation results verify the accuracy and efficiency of the
proposed algorithm.
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