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Overview

» Mathematical representation of WECC composite load model
» Dynamic order reduction of WECC composite load model
» Robust Time Varying Parameter Identification for Composite Loads

» SVM-Based Parameter Identification for Composite ZIP and
Electronic Load Modeling
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Substation

Project Description
Suhstation level: Composite

This project, led by ANL, is to develop a hierarchical load modeling structure to build time- + Aggregation of feeder-  dymamic cad
varying, stochastic, customer behavior-driven and DR-enabled load models by leveraging fevel DRLMs T

DG v
. . i - . « C ite SLM & =
practical utility data and laboratory experiments. The load modeling techniques leverage o DLM et

A 0

Feeder 1 T
practical AMI, SCADA and PMU data at component, customer, feeder and substation levels. —T—*—I—T—I -2!
: e

Expected Outcomes
e Static and dynamic load models at component, customer, feeder and substation levels,
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which are generic and applicable to various practical systems. F 1 I e ] e —
» Customer behavior-driven and demand response-enabled load models at component, S [: G @ | Do cumaer
customer, feeder and substation levels, which are generic and applicable to various LA M | '.,QI' T | demand response-
practical systems. o i A | e ad mode
» Load model identification techniques which are robust to measurement noises and bad data l L .- G—Q Eﬂ i DLM: dynamic load
and suitable for on-line identification of model parameters. & % , ) Componentievel: DRLM, ; mode
e Recommendations on typical load model parameter values, ranges and probabilistic ... Customer level: DRLM___|
distributions. Hierarchical load modeling framework
e A set of commercially available software tools with developed load models, which include
PSS/E at transmission level, CYME at distribution level, and RTDS/OPAL-RT at Milestones
customer and component levels
e Technical reports and journal papers with detailed descriptions of load models, # Milestone Name/Description End Date
assumptions/limitations, laboratory/utility data tests, demonstrations with commercially- 1 Overview of power system load modeling/industry practice, and Data Collection. Month 6
available software tools.
L 2 Development and testing of load model identification algorithms with trained and validated data- Month 12
Publications driven models for load composition identification.
[1] A. Arif, Z. Wang, J. Wang, B. Mather, H. Bashualdo, and D. Zhao, "'Load Modeling - A Review," 3 Development and validation of load models at Component, Customer, and Feeder levels. Month 18
IEEE Transactions on Smart Grid, vol. 9, no. 6, pp. 5986-5999, November 2018.
[2] C. Wang, Z. Wang, J. Wang and D. Zhao, ""Robust Time-Varying Parameter Identification for 4 Development and validation of load models at substation level. Month 21
Composite Load Modeling," IEEE Transactions on Smart Grid. accepted for publication.
[3] C. Wang, Z. Wang, J. Wang, and D. Zhao, "SVM-Based Parameter Identification for Composite 5 Typical ranges and time-varying probabilistic distributions of load models provided. Month 24
ZIP and Electronic Load Modeling," IEEE Transactions on Power Systems, accepted for publication.
[4] J. Zhao, Z. Wang, and J. Wang, ""Robust Time-Varying Load Modeling for Conservation Voltage 6 | Integration of developed load models to existing power system analysis tools with quantification of | Month 30
Reduction Assessment," IEEE Transactions on Smart Grid, vol. 9, no. 4, pp. 3304-3312, July 2018. the operational benefits using the developed load/DG models
[5] Z. Ma, J. Xie, Z. Wang, “Mathematical representation of the WECC composite load model”, arXiv - - - - -
preprint arXiv:1902.08866, Feb 2019, 7 Final reports documenting all models developed with examples of practical operation. Month 36
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» Mathematical representation of WECC composite load model
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Motivation and approaches

Why mathematical representation is important to both research and engineering?

Parameter identification
Sensitivity analysis
Dynamic order reduction
Dynamic behavior analysis
Simulation

Do we already have it?

» Commercial software has, but not accessible
e PNNL’s GridPack!®] has some parts, e.g., three-phase motor model

Why dynamic order reduction matters?

e Original WECC model has 166 parameters and 25 states
e Computational burden in large-scale simulations

Therefore, we will develop a comprehensive mathematical representation of full WECC composite
load model. We will also reduce the model size using dynamic order reduction.
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WECC Composite Load Model
(CMPLDWG)

Load Bus The CMPLDW model contains:

System Bus | pw-side
(230, 115, 69kV) Bus Feeder
Equiv.
Ridr +jXfdr

Motor A

motor 8 * 3 three-phase motors, A (chillers), « A typical CMPLDW
model has in total 121

B (fans), and C (pumps).
Motor C (fans) (pumps) parameters [4].

» 1single-phase motor D

OO

L
I (1-FbJBfE

OVis (residential HVAC). * DER_Amodel has 45
: parameters and 10 states
UFLS —|_Electronic « 1 static ZIP load. [5].
DER
— Static e 1 electronic load.

Motor D

Fig. 1. The WECC CMPLDWG composite load CMPLDWG=CMPLDW+DG model
model [3]. (DER_A)
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Three-phase motor model

_ 1 l 1 o~ +% | § 1 Eq
p E;Oﬁ ‘T;fapo + Yy

@, SLIP T,, L-L,, @,SLIP
A 4
Lo-Ly [=p—— I
i - v
@, SLIP T, b SLIP
1 1 + + 1 + - 1 E"
+ d
1T MO —O7 —I1
_ p0 Y Ed 'y A+ p0 + Ky
/_\/ Ly-Lyp
.
O LLb iy

Fig. 2 The diagram of three-phase motor [3].
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Three-phase motor model

L1 _ -
Ey = T |=Eq —ia(Ls —Lp) — Ej - wo - SLIP - Tpo| (1)
L1 . . Electrical model
Eq = Too [—Eq + iq(Ls — Lp) + Eq - o - SLIP - Tpo| @) (from Fig. 2).
p .
— Itis also the same
. T,—T T, o(Ls — L) + Tyo(L, — L 1 :
frr = 20 TR0 pr ppo(Ls = Lp) + Tpo(Lp = Lyp) iy — ——EY +wo - SLIP - EY  (3) as Fhe model in
TpoTppo TpoTppo Tppo GridPACK v3.2.
. Ty—T T,oo(Ls — L, + Tyo(L, — L 1 i
E(’J’ — p0 pp0 E‘; _ ppO( N p) pO( 14 pp) id _ _Eél — wy - SLIP - E&I (4L Flfth_order
TpoTppo TpoTppo Tppo in total
SLIP:_p'EC,l,'id-I_gI_'IEt’I"iq_TL (5)
TL = Tyo(Aw? + Bw + Co + Dw®9)  (6) Mechanical model
Trn = Tyno * @ET 7)
w=1—SLIP (8)

where A, B, Cy, D, p, qand Etrq areparameters.
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Three-phase motor model

Other static equations are as follows:

, Ts E" LPP "

ld_T(Vd‘F d)+ LZ (V +E ) 9)

. Ts E! "

lq=—LZ(V+ q)——LZ(Vd+Ed) (10)

S

V; =real(V;) (11
Vg = imag (V) (12)
P=Vdid+tiq (13)
Q = Vdiq - Vqld (14)
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Single-phase motor model

V F
l y l L
Motor A Motor B
Equations Equations
: )
R:"'.fQ.: - + —
‘ ERNEES €z
Contactors e~ D =
Relay
Y
fuv fen 1-Frst Frst
P-i-}’Q Y /l\
<—®= @-f. G/-‘.

Fig. 3 The diagram of single-phase motor [3].

The single-phase AC motor is constructed as a performance model. Therefore, there is no need to derive its
mathematical representation.
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DER_A model diagram

dbd1,dbd2

7,|_L

Verr

mas

||||||

Current
0-Qpriority ! [ imit
1-P priority |,{,lgi€ Y

nominator

ey

switch to position 1, else position 0

[
1
1
dterminal voltage) <V, then :
1
1
1

power ramp rate

In the recent update of

DER_A model, P, is . .
the feedback of Pord Fig. 4 The diagram of DER_A model [5].
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Mathematical Model of DER_A

Vi 1 S0 S8 1 S|
| — —
1+sT 1+sT,
Equations of S, Equations of S;
: 1 : 1
So =7 Ve =Sp) 9 51 =7 (Sg— 1) 1o
T, T,
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Mathematical Model of DER_A

pfaref —— tan
1 1 1
Pgen - —>
1+5T) 1+sT,

Q
ref 0 = S
Sl ) PfF]ag = 2
) Ve So
Equations of S,
( S Q
2 ref .
——+ if P =0
o) T TgganGy e
2 = B S, +tan(pfaref) X S; if P _q 17)
T Tiqsat1(So) Jriag
X if x >0.01
saty (x) = {0.01 if x < 0.01 )
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Mathematical Model of DER_A

dbd1,dbd2
SO B ‘ / Verr 1
= K, _(L
Vm]t + / ‘ 0
Ve (user defined) —»0 s 4
|
Vtrlpﬂ:v X 1
1457,
Equations of S, 83
S3 — saty(S; + satz(DBy(Vrero — So) - Kgv)) Igmax if x 2 Igmax
. B Tg if VtripFlag =0 (19) saty(x) =X if Igmin < X < Igmax  (21)
S. = ' ]
2T S5 saty(S, + sats(DBy (Vreso — So) - Kaw)) X Sa . lgmin if x < Igmin
B T if Viriprlag = 1
g
. Ith ifx = Iqh1
x —dbd1l if x> dbdl satz(x) =<{x if lgn < x < lIgps (22)
DBy(x) =<0 if dbd2 < x < dbd1 (20) Iy if x < Iy
x —dbd?2 if x <dbd2
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Presentation Notes
This is diagram and equations about S3. We corrected the minus sign here. Where the DBV means the voltage deadzone function.



Mathematical Model of DER_A

Vi 1 ’
- | T+sT > |
w1, | /
Equations of S,
Fig. 5 The effect of Vrfrac [4].
.1 , _ _ Vi1 ~ Vinin
Sy =7 (VoltageProtection(So, Vyfrac) — S4) (23) B =Vrfracx A =Vrfrac > —. ) @Y
v 11— Yo

V,in 1S the minimum value of V, (from the
diagram, it should be V, ;)
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Mathematical Model of DER_A

fu ifVig < Vi < Vain
Vit = Vio

% itVin < Vi < Vi and the voltage stays below Vj, for a duration less than t;,,;
1 if Vi1 < V;<Vyq and the voltage stays below V;, for a duration less than t,,;
% ifVy1 < V; £ Vi and the voltage stays over Vy,4 for a duration less than ty,,

: _ Vt - Vmin i .
VoltageProtection(So, Vyfrac) = \ Vefrac AT ifVinin < V; <V}, and the voltage stays below V}, for a duration greater than t,,; (25)
11~ Yo

Vi — Vs
Vrfrac (%) ifVj; < V,<Vy, and the voltage stays below V,, for a duration greater than t;,,,

1~ Vio
Vinax — V4
Vrfrac (Vmax—vt) ifVh1 < Vi < Viax andthe voltage stays below V}, for a duration greater than ty,,
ho ~ Vh1
Vho - Vt .
Voo =Vt HVmax <V < Tho

\ 0 otherwise
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Presentation Notes
This is the detailed voltage protection function . It is a complicated piecewise function with respect to the terminal voltage and time.



Mathematical Model of DER_A

Freqgy
» To controls

Freq.s Frequency trip logic:
“ To frequency relay model

S — AN - « If frequency goes below f, for
| more than t; seconds, then
I the entire model will trip.

If Vi(terminal voltage) < V. then
switch to position 1, else position 0

_ « If frequency goes above f, for
Equations of S, more than t, seconds, then

: 1 the entire model will trip.
Sg = —(Freq —Sz) (26)
Ty s
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Mathematical Model of DER_A

fdbd1,fdbd2 femax _ if X 2 femax
Freqﬁlt saty(x) =4x if femin < X < femax (28)
- : / femin ifx < femin
SST _Jx ifx<0
RN sats(x) = {0 if x>0 (e9)
Freqref ™~
x ifx>0
Note that DB should have the sate(x) = {0 ifx<0 (30)
same structure as DB,,.
Equations of S
_ (— KpqDanx/Tys  if x < fdbdl or x > fdbd2,
Se = Kigsaty(Prey — Sy + sats[Day - DBr(Freqyes — Ss)] G () = 1 and Dgnx/Tyy = 0 31)
K. 0 ;
pg otherwise
( .
K. S —KpqDypx /T, if x<fdbdlorx> fdbd2,
pg°8 pq~upt/ irf
+ Gan(Freq — Ss) + Gyp(Freq — S5) — T, Gup (1) = and Dypx/Trs < 0 (32)
0 otherwise

[OWA STATE UNIVERSITY
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Presentation Notes
Note here the DBF is frequency deadzone function . It has the same struction as voltage deadzone function. So we omit its representation here. Gdn and Gup are defined to simplify the expression.



Mathematical Model of DER_A
P nas 0 Pinax
Al A

K. + Kig S S7 1 Pord
pe P —_— —»
1 1+5T,,.,

dein
Sg
Pmin Pmin
Equations of S, Equations of Sg
. 0 if Fre =0 .
7= . 4 . Urtag 33) Sg= (S7 — Sg) (35)
satg(sat;(Se)) if Freqsay =1 Tpord
Prax if x = Pnax dPnax if x = dPnax
sat;(x) ={x  if Pmin < % < Pnax (34) satg(x) =qx  if dPyin S x < dPnax  (36)
Prin ifx < Pnin dpmin ifx < dein
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Mathematical Model of DER_A

7l
0 Equations of S
Vrfac 0 | \_ v a o
1 -—- tripflag
V | | o 1+ST 1 Sat7(58) i
tfs-llt vio T VR g V T_ saty sat, (SO) X 54- - 59 lf Vtripflag =1
0 S Sg=1{"9 37
4 o 1 Sat7(58) i ( )
— Satg —Sg lf Vt infl =0
Vtﬁlt Tg sat; (SO) ripflag
Ipmax ifx = Ipmax
sate(x) =< X if Ipmin < X < Ipmax (38)
Ipmin ifx = Ipmin
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This is the final state s9.



Mathematical Model of DER_A

. 1
Sy = _(Vt - 50)

i 1
Ty Ss = T (Freq — Ss)
rf
i 1 ;
S, = T_(Sg -5 Se = Kigsaty(Prey — S1 + sats [an *DBp(Freqrer — 55)]
P Kpg
) + satg[Dyy - DBp(Freqres — Ss)|) + - 51
SZ + Qref ifP —0 P
T ] fFlag — S
5 = Tig ~ Tigsata(So) + Ggn(Freq — Ss) + Gy, (Freq — Sg) — Kvg s
Sz ] P T
S; | tan(pfaref) xS, . £p 1 p
T Y FfFlag =
L Tiq Tigsaty(So) “ , 0 if Freqpag =0
(s, — saty(S; + satz(DBy(Vrero — So) - Kqv)) . 77 |satg(sat,(Ss)) if Freqriay = 1
- T if VtripFlag =0
33 = A g S = S, — S
53 - Satz(SZ + Sat3(DBv(Vref0 - So) * va)) X 54_ 3 8 T ord ( 7 8)
- if VtripFlag =1 P
T,
) 7 Lo, (32260 .
S 1 T, \° sat;(Sy) XS4 =So ) if Virippiag =1
Sy =— (VoltageProtection(So, Vrfrac) — 5‘4) Sg=+49 1o
T 1 sat;(Sg) _ TR -0
Tg satl(So) 9 lf tripflag —
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Simulation Setup (MATLAB)

e The simulation is conducted in four parts: Motor A, Motor B,
Motor C and DER_A.

* \We use the method in [5] to generate the input voltage, and the
frequency Is set to be 60 HZ.

a, if1<t<(1+(b/60))
V() =4 - (;/(;0; f)c for(1+ (b/60)) <t <1+c,and (39)
1, otherwise

[OWA STATE UNIVERSITY
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Simulation Setup (MATLAB)

Table | Table Il
Parameter setting of Motor A, B and C. Parameter setting of DER_A [5].
Motor A Motor B Motor C
FmA | 0.167 FmB | 0.167 | FmC | 0.167 Trv (s), 0.02 PfFlag; 1: constant power factor, 0: constant Q control 1
MiypA 3 MiypB 3 MiypC 3 dbd1 (pu), -0.05 FreqFlag; 1: frequency control enabled, O: frequency control disabled 0
LFmA 0.7 LFmB 0.8 LFmC 0.8 dbd?2 (pu), 0.05 PQHug; 1: P pricrity for current limit, O: Q-priority o]
RsA 0.04 RsB 0.03 RsC 0.03 Kqv (pu/pu), 5 Genflag; 1: unit is a generator, 0: unit is a storage device (Note &) 1
LsA 1.8 LsB 1.8 LsC 1.8 Vrefo (pu), R Viripflag (flag fo enable/disable voltage trip logic); 1: enable, 0: disable 1
LpA 0-1 LpB 0.16 LpC 0.16 Tp (s) 0.02 Fripflag (flag to enable/disable frequency trip logic); 1: enable, 0: disable 1
LppA | 0.083  LppB 0.12 LppC 0.12 4 ) p
e Ti (s) 0.02 Kig (pu), 10 (Hz), 59.93
TpoA | 0.092 | TpeB | 0.1 TpoC | 0.1 4 ‘ | (po) 19 " (Hz] e
TppoA | 0.002 | TppoB | 0.0026 | TppoC | 0.0026 Ddn (pu), 0.05 max pul, . z), !
HA | 005 | HB ! HC 0.1 Dup (pul, 0.05 o | (e, 22 i {s), 71
EwgA | 0  EwgB | 2 | EwqCc| 2 fdbd1 (pu), -0.00028 Vi1 (pu), 0.88 tfh s), 7.1
VirlA | 075  VulB | 05 | vl | 05 fdbd?2 (pu), 0.000283 vhO | (pul, 1.2 Tg (s), 0.02
TrlA oo TuwlB | 0.02 | TulC | 0.02 (e (pul, 99 vh1 (pu), 1.05 rrpwr (pu/s), 0.5
Firl A 0.2 FirlB 0.2 FirlC 0.2 femin (pu) 99 IO | (s), 0.05 Tv (s), 0.02
ViclA | 09 | VrclB| 065 [ vrelC| 0.65 PMAX (pu), 11 w1 (s), 2 Xe (pu), 0.2
Trel A 0o TrclB 0.6 TrelC 0.6 PMIN (pv) 0 whO | (s), 0.05 Igh1 (pu) 1.0
vu2Aa | 05 | Vu2B | 07 | vg2e | 07 ‘ h 2 |
. N dPmax (pu/s) 0.5 tv (s), Igl (pu) -1.0
Tu2A | 002 | Tu2B | 0.02 | Tu2C | 0.02 - . Vs | e 0.7 v ( 0.8
Fu2a | 047  Fu2B | 03 | gy2c | 03 dPmin (pu/s), -0.5 . P pu) '
Vre2A | 0.639 | VreZB | 085 | vie2C | 0.85 Tpord (s), 0.02
Trc2A | 073 | Te2B | oo | 7720 | o Kpg (pu), 0.1
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Simulation Results (MATLAB)

3 3 . .

>’° 1 f 0 .

S 0.9 5 -0.2 .

s 7 £-0.4 I S

S 08 2.06 (

e 0 1 2 3 4 5 2 ] 2 3 4

. Time (s) ’; Time (s)

Z . = . .

7 02 ? 1t —Mathematical model|.

) v - PSS/E

&N 0 2

£ & of

g 02 2

Z 04 - - - R . . .

aa) 0 1 2 3 4 5 K 0 1 2 3 4

Time (s) Time (s)

Fig. 6 Bus voltages of mathematical and PSS/E Fig. 7 Real and reactive power of mathematical
model of three-phase motor. and PSS/E model of three-phase motor A.
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Simulation Results (MATLAB)

S

S ot

(o)

.02

Q

oy

5-0.4 T

S 1 2 3 4 5

;:“ Time (s)

& . T T

o I : —Mathematical model|]

5 - PSS/E

2 ol

o,

(]

.z

g -l - ' ' -

2 0 1 2 3 4 5
Time (s)

Fig. 8 Real and reactive power of mathematical
and PSS/E model of three-phase motor B.
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S
i

all
|
|

Reactive power Q (p.u.)Real power P (p.u.)

0 1 2 3 4
Time (s)
1t —Mathematical model|]
- PSS/E
0 L
-1 : ' '
0 1 2 3 4
Time (s)

Fig. 9 Real and reactive power of mathematical
and PSS/E model of three-phase motor C.



Simulation Results (MATLAB)

S 3
] £.0.105]
£ 09 z .
g o —Mathematical model
z 2.0.095 - PSS/E
g 08 | Bl | _ | _ |
= 0 1 2 3 4 5 ¥ 0 ! 2 3 s 5
A Time (s) - Time (s)
A 60.01 o 0.1 —Mathematical model
éw 60 g - PSS/E
S 2 0.05
& 59.99 5
= 2
— —
3 59.98 _ : _ ; 3 0 :
5 0 1 2 3 4 5 ~ 0 1 2 3 4 5
= Time (s) Time (s)
Fig. 10 Filtered input voltage and frequency of Fig. 11 Real and reactive power of mathematical
DER_A (see Fig. 4 on slide 8). and PSS/E model of DER_A.
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Since we changed the mathematical representation of DER_A, we also redo its simulation. Fig 11 is the revised result of DER_A.



» Dynamic order reduction of WECC composite load model
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Reduced-Order Large-Signal Model

- The existing WECC composite load model has more than 25 states (15 for
three-phase motors, 10 for DER_A and other components) and more than
160 parameters, which extremely increases the computation burden.

- The WECC model exhibits behaviors at two time-scales: faster dynamics
and slower dynamics.

- We will propose a reduced-order large-signal model which has similar
response to the original model.

- The reduced-order model will be developed based on singular perturbation
theory that separates system states into fast and slow dynamics.

IOWA STATE UNIVERSITY



Singular perturbation theory

Consider a singular perturbation model of a dynamical system whose derivatives of some of the states
are multiplied by a small positive parameter € (perturbation coefficient) as follows

x=F(x,z,ut,c¢)
ez2=G(x,zut,¢g)
where x € R™ representing slower dynamics, z € R™representing faster dynamics Let =0, we have
0=G(x,zu,t)
If G in (41) has at least one isolated real roots
z=h;(x,u,t),i=12..,k
Substitute (42) into (40), we obtain the reduced order model as follows

x=F(x hi(x,u,t),u,t)

Note that the dimension of (40) is reduced from n+m to n.

Compared to conventional order reduction that simply ignores some dynamic states, our method uses
slower dynamics to represent faster ones, thus reducing order while maintaining all dynamic
characteristics.

[OWA STATE UNIVERSITY
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Singular perturbation theory

Even though we can get the reduced-order model using the above method, the accuracy of the reduced

model is not guaranteed. Define a new time variable T = (t — ty)/e, and introduce the boundary-layer
model as follows,

d
d_:‘)[, =g(t,x,y + h(t,x),0) (44)
where y = z — h(t, x) is the change of state variables. If the system satisfies the following assumptions,

Assumption 1: On a compact subset of Q, x Q,, functions f, g are ¢! and has bounded continuous
first partial derivative with respect to t; h and Jacobian dg/dz have bounded first partial derivatives;
df /0x is Lipschitz in x uniformly in t;

Assumption 2: the origin of the reduced model (43) is a uniformly exponentially stable equilibrium
and there is a Lyapunov function V(t, x) satisfying

Wl (X) < V(t, X) < W2 (x) (45)
av oV
R < — (46)
at + axf(t'x) — W3(x)
where W; are continuous positive definite functions on Q, and {x|W;(x) < c} is a compact subset of

Qy;

[OWA STATE UNIVERSITY




Singular perturbation theory

Assumption 3: the origin of the boundary-layer model (44) is a uniformly exponentially stable equilibrium;

Then by Tikhonov’s theorem on the infinite time interval, there are compact sets Q,, , and positive
constant e*and k;, such that for all t, = 0, x(ty) € Q,, y(to) € Q) and 0 < & < £*, the original system (40)
has unique solutions x(t, ) and z(t, €) uniformly satisfying

lx(t, &) — x| < kqe (47)

lz(t, &) — h(t,x(t)) — ¥(t/)l < ke (48)

where Xx(t) and y(t) are the solutions of the reduced model (43) and boundary-layer model (44),
respectively. Moreover, for any given T > t,, there exists a positive constant ¢** < £* such that for
t € [T,) and & < £, it follows uniformly that

lz(t, &) — h(t, x(t)|| < k3¢ (49)

It means if ¢ is small enough, we can use the quasi-steady state h (solved from algebraic equations) + solution of
boundary-layer model ¥ (solved from dynamic equations) to estimate the fast state; if € is much smaller, then we can use
only the quasi-steady state solution to estimate the fast state. This significantly reduce the computational complexity.

[OWA STATE UNIVERSITY




Singular perturbation theory

The main difficulties focused on threefold:
- How to identify the slow and fast dynamics? (how to find the perturbation coefficients €?)

> In most cases, we can find the small perturbation coefficients € based on our knowledge
of physical processes and components.

> For linear systems, we can use modal analysis to identify the slow and fast dynamics. We
can also obtain a local result for a linearized system.

- How to solve the quasi-steady state equation (41)?

> We can apply implicit function theorem to check whether the solution of algebraic
equation (41) can be expressed in closed form.

« How to obtain at least one isolated roots?

> If the solutions are not isolated, sometimes we can get the isolated roots via coordinate
transformation and redefining state variables.

IOWA STATE UNIVERSITY




Order Reduction for WECC Composite
oad Model

Consider the generic nonlinear state space model of WECC model

=[E.,E. E. E. SLIPT =123

mot0r| di? q. 1 =diy g
motorl = f (Xmoton! motor 1t) (44) [\/ V ] - 1 2 3
u — i i I = y &y
Yoiotor = h(xmotori RTI. ’t) (45) motor di Vai
_ T .
XDERA = f (XDERA’UDERA’t) (46) Yimotori = [P| Q|] I —1,2,3
yDERA = h(XDERAiuDERAit) (47) DERA [SO’Sl’82183184185186;87,88,89]
Fre
where the states, inputs and outputs are Unera = [V al'
as follows

Yoera = [P Q]T
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Order reduction of DER_A

Note that there are saturation, dead-zone and switch functions in the DER_A model, therefore we cannot identify the
slow and fast states via participation factor analysis. However, we can estimate the slow/fast classification by finding
the perturbation coefficient.

Recall the dynamic equations of DER_A, we can find the primary coefficients that affect the transient speed directly:
Ty, Tp, Tigs Tgs Trws Trps Topora- 1§ T, Trpy Trp > Tig, Ty, Ty, Tpora, Under the parameter setting in Table 2, using the
order reductlon technique introduced above, we can obtain the following reduced order model of DER_A.

State equations: Algebraic equations: Reduced system

. order from 10 to 4
X = — (Ve —x1) (50)

TT” . sats(xg) i

1 iqg = satg (#(x“)) X VoltageProtectlon(xl, Vrfmc) + Vp2 (54)
X2 :T_(x4—x2) (51)

P
X = Ti (Freq — x3) (52) iq= VoltageProtection(x, Vrfmc) X sat, {?’j::z Satl(xl) + Kgy - sats [DBV(VrefO xl)]} + Vpe

rf

(55)

=0 ©3) where x = [Sy, S1, S5, S71 ([Verues Pgenfire Freqsue, U |)
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Order reduction of DER_A

Boundary-layer model:

Yp1 = —Y¥p1

Yp2 = Yp3 — Yp2 — VoltageProtection(xpq, Vyfrac) X {satz[y(xp)] + saty[ypy + v (xp)]}

Yp3 = —Yp3
Ypa = —TrfYps
Yps = —Yps
. sat;(xp4) .
= — — sato |————=| x Volt Protect V
Ype Ype — Sa 9Lat1(xp1) oitagerrotec Lon(xD1 rfrac)
sat X
+sat, lM X [yp3 + VoltageProtection(xpy, Vyfrac)]
saty(xp1)
tan(pfaref)xp,
y(xp) = sat, (xp1) + Kgpsats [DBV(VrefO - xDl)]

[OWA STATE UNIVERSITY
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(57)

(58)

(59)

(60)

(61)
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Order reduction of DER_A

Original Reduced

1 1
(V. — 1 v — _ -
So Ty Ve = So) S = T, (Freq — S¢) X1 = Tru (Vt xl)
§, = 71.(53 -5 S = Kigsaty(Prey — Sy + sats[Day - DBs(Freqyey — S5)] 1
» K, X, = —(x, —x
¢ 0 + 5atg[Dy, - DBp(Freq e — Ss)|) +—;:’ 5 2 T, (x4 2)
I3 ref .
— o S if Prriag =0 KpaS,
& Tiq ~ Tigsaty(So) + Gyn(Freq — Ss) + Gyp(Freq — S5) — 222 1
S » .
2T\ Efarenxs, T X3 = —— (Freq — x3)
Tiq Tigsaty(Sq) Ittaa 0 if Freqpiag =0 Trf
S5 — saty (5, + sats(DBy (Veero — So) - Kgu))  |saty(sat;(S.)) if Freqpa, = 1
- T if Viriprrag = 0 X, =0
Sy = ! S = (5~ S0) 4
53— sutz(.S‘z + Stlfg[DBv(Vrefn - sn) . va)) X 54 _ ° Toora ? o
- Tq !f Vtr'l’pl“laﬂ =1
h 1 sat;(5g) ) _ saty(xs)
1 ) T (‘“"’ ( S )KS‘ - S") if Viripfiag = 1 ig = sat ( o4 ) x VoltageProtection(x,, V, + 3y 52
S¢= F(Vof[ugef’rutectiun(sn, Vefrae) — S,) Sy = f :Z:‘if(ﬁ':}) d 9 \sat, (x1) g ( ! rfrac) Iz (52)
v - LA i —
E(m:"(sat.{s‘g)) S,,) if Viripslag =0

ig = VaItugeProtection{xl,Vrfmc) X sat; {Q‘ggm g Kqy - sats [DBV(VrefD - xl)]} + ¥ps

Pgeno  saty(xy)

(53)

Simpler model structure and parameter set where x = [5o,51, 53,57 (Vepue Pgente: Fredgue. U
- Still capture dynamic responses
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Simulation Resu!)Es (DER_A)

7 ! 3
< 09 = 0.1
> 0.8 2
~ 0
0 2 4 0 2 4
Time (s) Time (s)
0.15 1 013
- ~ 0.12
S 0.1 3
N £ 011
005 | o 0|
0
- - 0.09 - -
0 2 4 0 2 4
Time (s) Time (s)

Fig. 12 Simulation results of reduced DER_A model compared to original model. The figures show the results of
Vifite» Pgenfite, Las and ig. The red dashed line denotes the responses of reduced model, the blue solid line denotes that

of original model.
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20.09 —Original model |
= - Reduced model
s 0.08 ! _ s _ ]
) 1 2 3 4 5
- Time (s)

o

o 0.1 —Original model
g : - Reduced model
20.05

[0

£ 0 | _ _ _ |
QE;S 0 | 2 3 4 5

Time (s)

Fig. 13 The figures show the results of real and reactive
power. The red dashed line denotes the responses of reduced
model, the blue solid line denotes that of original model.
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Simulation Results (DER_A)

The computation time of original model
and reduced model are 4.8025 s and
1.1623 s, respectively.

Note that the reduced model depends on
the parameters of switching functions,
because they change the model structure.

For example, if Fregflag in equation (33)
Is set to be 1

0 if Freqgiag =0
- satg(sdt7(56)) if Freqgiag = 1
then S; will be identified as fast state,
thus the load model will be further
reduced to 3 instead of 4.

Sy (33)




Participation factor analysis (three-phase motor)

Use numerical methods to solve the load model, obtaining one
equilibrium.

Calculate the eigenvalues at the equilibrium and determine the
modes.

Calculate the participation factors using the following formula:
T

P _ i v

ij - N T
Zk:l‘ukj Hij ‘

Identify the slow/fast dynamics according to the participation
factors and corresponding eigenvalues.
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Participation factor analysis (three phase motor)

1,2 -11.04072 + 299207.1i E...Eq
6,7 -11.33576 + 299151.8i E,». Eqo
11,12 -11.33576 + 299151.8i E.s Egs
Slow
5 -0.00096 SLIP,
10 -0.00096 SLIP,
15 -0.00096 SLIP,
3,4 -499.829 + 299120.1i E... Eq
8,9 -383.280 + 299134.5i E... Eq Fast
13,14 -383.280 + 299134.5i E.s Egs
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Order reduction of three-phase motor

Note that the above modal decomposition results is consistent with the comparison between T,, and T,,, According to
the above slow and fast identification, using the singular perturbation theory, defining x = [Eg,, E;, SLIP], U=

[Vq, Vd], we can obtain the reduced order large signal model of three-phase motor as follows,

State equations: Xy = Tro [—21 = ia(Ls = Lp) — @oTpoX5] (63)
ey iy (L — L) + woTroxycs] 64 Reduced system
Xp = | =%+ ig\Ls — woTpoXx1x
Tl o R order from 5 to 3
Xy = _ b hy(x1,%2,x3) - ig +ZI:Ih1(x1,x2,x3) g —TL (65)
Algebraic equations: j . . )= o [(LyLyp +13)x1 — (Ly — Lyp)1sxa — (Lp — Lpp)LpUs — (Ly — Lyp)1sUz]  (66) S
N D -

1 5 state solution
hy (X1, X, X3) = m [(Ly — Lyp)rsxs — (LpLpp + 12)x2 + (Lp — Lpp) 15Uy — (Ly — Ly ) LpUz]  (67)

ig = W (U1 +x) — W (U, + x3) (68)
. Ts
ta = —2 yy Urtx)+ 2 z (Uz + x2) (69)

TL = (P “hy(xq, %2,%3) - g +q - hy(x1, %2, %3) - iq)(A(l —x3)% + B(1 —x3) + Co + D(1 — x3)579)  (70)
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Simulation Results (Motor A)

The computation time of original model and reduced model are 2.8176 s and
0.9023 s, respectively.

_ 0 —Original model ; -
5 .0.01 - Reduced model x 0 )
N 5-0.2 [
002 £-0.4
-0.03 =-06
_ _ _ 5 08 —
0 1 2 3 4 5 ~ 0 1 2 3 4 5
Time (s) < Time (s)
-0.75 | - - & : :
~ 08 —Original model o —Original model
s - Reduced model 5 - Reduced model
£ 085 | 2
= -0.9 o
-0.95 7 _ _ ; _ ; 5 1 _ _
0 1 2 3 4 5 g 0 1 2 3 4 5
Time (s) Time (s)
Fig. 14 Simulation results E’; and E’ of reduced three- Fig. 15 Simulation results of real and reactive power of
phase motor A compared to original model. reduced three-phase motor A compared to original model.
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Slmulatlon Results (Motor B)

0 _ _
_ —Orlgmal model ; or ——
' - R 1 ! oo |
; -0.01 - Reduced model | Q*E, 01 P\J
- 3 S |
= 0.02 | g 02 T [
0 I 2 3 4 5 I 1 2 3 4 5
Time (s) 3 Time (s)
-0.7 = . g 1 : \
_ —Original model o —Original model
5 08 - Reduced model 3] - Reduced model
S 2 0 | 1
= g,
= .09 2
) . ) . J *g -1 . . .
0 1 2 3 4 5 K 0 1 2 3 4 5
Time (s) Time (s)
Fig. 16 Simulation results E’ and E’ of reduced three- Fig. 17 Simulation results of real and reactive power of
phase motor B compared to original model. reduced three-phase motor B compared to original model.
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Simulation Results (Motor C)

0 : - — ; 2 S
= —Original model f 0: - -
3 001 - Reduced model | = -0.1 | k
(=W * 00 I
- Z -0.2 Ny
- h b Iy
m 2 !
'0.02 F E _0 3 lJ; 12141 1
_ _ _ . & S
0 1 ) 3 4 5 ~ 0 1 ZT. 3 4 5
Time (s) 5 me (s)
0.7, - - > 1 '
- —Original model ? —Original model
—_ 3 - Reduced model
S5 - Reduced model 2 - |
= 0.8 z 0
- =B |
=) L
09 £ 1 - - - |
| - - - ' - g 0 I 2 3 4 5
0 1 2 ' 3 4 5 Time (s)
Time (s)
Fig. 16 Simulation results E’ and E’ of reduced three- Fig. 17 Simulation results of real and reactive power of
phase motor C compared to original model. reduced three-phase motor C compared to original model.
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» Robust Time Varying Parameter Identification for Composite Loads
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Background and motivation

- With the increasing integration of uncertain resources, e.g.,
renewable energy, electric vehicles, and demand response, it is
Imperative to design robust load modeling methods.

- The integration of uncertain resources results in continuous changes
of load model parameters, thus requiring time-varying parameter
identification.

- The composite models, including ZIP models and induction motor
(IM) models, are most widely used for dynamic analysis in the US
Industry.

IOWA STATE UNIVERSITY




- Equivalent circuit of ZIP + IM model | - IM Model
o - | du, R X2
o ‘ —1+—1—] 1 (Y il : mt__; sev!
o | | R,, X, X, | dt Xpp + X (‘d.r i Xrp + Xt F{M) Pt (73)
| | |
| | "h‘:ﬁ,r _Rr,f r"r _ ‘\-rsz ; . i"’
If" I |:] CD CID ‘ | Xv t R’J | f” B A\.r.f . A\.ru.f ot ‘\—r.t + ‘\—m.t ot thda (74)
| o s |
| z I P I ds 1 2
| | : it = i, (o1 = 0" = e~ o) (75)
gL P —— o J Rey(Ugy — vh,) + XJ(U )
. _ ‘ o AvspMae —vg ) gt — 1‘q
ZIP Induction Motor gt = 7, - X7 (76)
Fig. 18 Equivalent circuit of ZIP and IM load model. o Bee(Uge —vg4) = X{(Uas — vgy)
g q i
q.t — Rz:t 4+ AXéQ (77)
7 T2 1o ‘X—m t " AX"r t
— ), I 3 2
- ZIP Model R R a tves el )
i} y = |Rs (U2, + U2, —Ugqvh, — Ugsv J
v 2 V IM.,t [ LRAL R ] q.t d.t 7. qt (80)
Pzipe = Pzipo (“p t (T/;) + byt (T/;) + Cp,t) (71) X{(Ugpvgy — Uger r!{}]/ (R,
. s X (U2 2 — Ug vty — Uy vt )=
I/t 2 T/t ) Q!M ] [ “d.t q: d Vg ¢ q.t Y.t
Qzipr = Qz1po (%m(VO) T gt (%) + ('q,t) (72) Ry (Ug )y, Eu_;.td,f)]/(f?f,:. X% (81)

[OWA STATE UNIVERSITY




Proposed framework of robust time-varying
parameter identification

™ sample time (r+1)™ sample time

|1 : i i
i and States at 7

State Transition
Model

r
Estimated Parameters > State Transition
and States at -1 L Mode

Batch Model Batch Model

sarenbg 15807 pauﬁgam]

sarenbg 1se27 paEom ]

Observation Model
| Projection StatisticHD?gg}%?%gf d }—b

»| Initial Iteration

- Value

Observation Model
L
Projection Statistics}){ D%ﬁg&iﬁlgfd]—)
3| Initial Iteration
Value
Newton-Raphson Newton-Raphson

Y.

Measurements at ¢ Measurements at 7+1

Fig. 19 Framework of robust time-varying parameter identification.
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Simulation Results

S

/:D Original Data and
L Power Flow

Calculate Initial
Value

Case 1 (IEEE 57-bus system)

- The IEEE 57-bus system in which 20

:

|

| t=1

: | -

buses are connected to composite ZIP | oY, [T
and IM loads are used to validate the | fal pdate

|

|

:

|

:

|

:

;

proposed method.

o[ SRR SBEATTRY | —
. For each composite ZIP and IM load, "Updaie || elochraic cauatons | || o
) i Y l
there are 500 samples for simulation, Sation Y. [Smufted
and the sample time is 0.1s N =
' ' N v I
. p—vy | Measurements
. To illustrate the results, we only focus L |

on the measurements of the bus of
interest, i.e., bus No. 11.

Proposed |

<«—| Parameter |
|

|

% \) Estimated
h Identification

L Parameters

Fig. 20 Simulation processes.
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Fig. 21 Parameter identification results comparison for (a) X,, (b) R;, (¢) X, (d) R;, (€) 4,, (F) 4, (9) &, (h) by, (i) &,

At sample 100, real power measurement has a outlier; At sample 200, reactive power measurement has a outlier;
At samples 300 and 400, voltage measurements have outliers.
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Fig. 22 Estimated active power and true active power.
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Fig. 24 (a) Relative errors of estimated active power. (b)
Fig. 23 Estimated reactive power and true reactive power. Relative errors of estimated reactive power.




Case 2 (IEEE 118-bus system)

- The IEEE 118-bus system in which 50 buses are connected to composite ZIP and IM
loads are used to validate the proposed method. Table XV shows the buses with
composite ZIP and IM loads.

- For each composite ZIP and IM load, there are 500 samples for simulation, and the
sample time is 0.1s.

- To illustrate the results, we only focus on the measurements of the bus of interest, i.e.,
bus No. 11.

Table 111
Buses with ZIP and IM loads

Buses with composite ZIP and IM loads
2,3,5,7,9, 11, 13, 16, 17, 20, 21, 22, 23, 28, 29
30, 33, 35, 37, 38, 39, 41, 43, 44, 45, 47, 48, 50, 51, 52
53, 57, 58, 60, 63, 64, 67, 68, 71, 75,78, 79, 81, 82, 83
84, 86, 88, 93, 94
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Fig. 25 Mean absolute percentage errors (MAPEs) of for (a) X, (b) Ry, (¢) X, (d) Ry, (€) 4,, (f) 44, (9) &,, (h) by, (i) &,
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buses in IEEE 118-bus system. IEEE 118-bus system.
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» SVM-Based Parameter Identification for Composite ZIP and
Electronic Load Modeling
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Background and motivation

- Electronic devices continue to grow and
their operating characteristics  are
different from the conventional loads.

- We propose a composite ZIP and
Electronic Load model.

- However, incorporating electronic loads

100

7 Electronic
Water Heating
E Ar Condifioning
B0 Space Heating

[=2]
=
T

60

40

Percentage (%o)

will introduce high nonlinearity to 20} <
models. Hence, we propose a data- o @Qm /;..:
driven and learning-based approach to 1978 R
identify model parameters.
R Specifically, we use a piecewise Fig. 28. Statistical dgta of typical energy consumption in
. . . homes by end uses in 1978 (a), 1993 (b), 2005 (c), and
function to approximate electronic 2009 (d).

models and we design a Support Vector
Machine (SVM)-based algorithm to
identify model parameters.
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Framework of Proposed Parameter Ic_entification

: Measurements (V) Measurements (P and Q) :
|
R ;____J
Hampel Filter
Savitzky-Golay Filter
Curve Fitting v
l Noise Reduction
v v
Mode i
Identification | Regression Model
Parameter . 7 :
Identification € Support Vector Machme

Fig. 29 Framework of the proposed method.
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ZIP and Electronic Models

Electronic model

Pee=CFeg (82
QE,t =G - QE,O (83)
Table IV
DIFFERENT MODES OF ELECTRONIC LOADS In Table 1V, V; and V, are two threshold

values, and a is a fraction of the

Value of c; Condition Mode ;
electronic load that recovers from low
° Vi< Voo : voltage trip. Vi, is a value tracking the
e Var Vi< Va1, Vi € Vining 2 lowest voltage but not below V,, and it
VaoaVarte Ve—Vaons) ) < Vi < Vo Ve > Vinin 3 is a known value at each sample. Its
value can be expressed as follows.
1 Vi = Va1, Vmin,e = Vaa 4
me’z_Vd‘:;;i.‘(/‘:zl_vmm’t) Vi 2 Var, Vininge < Van 5 Fmin,t — max {:I{iﬁ , min {I’ft : IY’fl'l’liﬂ-.f— 1 }}
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ZIP and Electronic Models

Composite ZIP & Electronic model
P=4-V’+A4 -V +4 (85)

Table V
PARAMETERS FOR ACTIVE POWER OF COMPOSITE MODEL

Mode )\1 )\2 /\3
Pzipo-a, Pzipob,
! (l—ﬁp)'—%'z—’” (1—.3}0)'Tp (1—=8p)-Pzrpo-cp
Pz rp.o-ay Pzrpob Pg.o Pg,o-Vas
2 (-fy) T (1- ) DY 4 R (1= Bp) Pzrpo - cp — Bp -yt
P pon- s Pzrpo-b Pg p-ox Pe o(Vinin.t —Vaz —o-Vigin )
3 1 _ i ZI PO %p 1 _ ) 2P0 Yp . E.0 1 _ i P . e . Fomi] 1|1||1:'L di:'Z min,t
( 3}1) —Vnz— ( 3})) - vy + 3}) Vo1 —Vaa ( f—{;p) ZIiPo0 " Cp + .Bp Vii— Vo
P, 3 Ly P, s by
4 (1—08p)- % (1—25p)- % (1=08p) Pzipo-cp+ 8p- Pro
Pzipo-a, P n-t P o0(Vinin,t — Vgo o Vg —e-Vipin e
5 (1 _ ﬁp) . A’I{fr:ln i (1 _ ,B'p) A Aji[;r_lﬂ o [:1 _ ﬁp) i PZIP,[’] . cp‘l’fgp . b,ﬂ( min,t Vr;{f_ {‘;dzdl min f)
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Simulation Results

Case 1: A revised IEEE 123-bus system is used for simulations. To
illustrate the results, we focus on the measurements of bus 6 which is
connected with a composite ZIP and electronic load.

Table VI
PARAMETERS OF COMPOSITE LOAD
Parameters Values (p.u.) Parameters Values (p.u.)

Pzrpo 0.80 Qzipo 0.40
ap 0.20 by 0.40
cp 0.40 ag 0.15
bq 0.35 cq 0.50
Va1 0.95 Vao 0.70
a 0.25 Pgr o 0.45
QE,0 0.30 I} 0.40

Vo 1.00
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To test the model and the identification algorithm, one thousand operating points are simulated to obtain the true
values including voltage and power. Then, noises are added to the true values to generate the signals. The noises
are assumed to follow a Gaussian distribution. To compare the results, we consider one thousand scenarios, and
each scenario has one thousand sample points with different noises added to the true values.

o 1.2 —— Fitting Curve
a. e _ ~ - Voltage Measurements
ﬂJl'O_ et *—VH“-___-'
S 0.81 T
> Mode 3 Mode 5 Mode 3 | Mode 2
0'60 200 400 600 800 1000
Samples
(a)
5 —
gar
Z 3
e L
0 200 400 600 800 1000
Samples
(b)

Fig. 29 (a) Voltage measurements and fitting curve. (b) Operating

modes at different samples.
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TABLE VI
ESTIMATIONS OF 44

True Value SVM H-SVM SG-SVM
Mode3 0.0960 0.1025 0.0995 0.0989
Mode5 0.0960 0.1004 0.0985 0.0981
Mode2 0.0960 0.1028 0.0990 0.0986

TABLE VIII
ESTIMATIONS OF 2,

True Value SVM H-SVM SG-SVM
Mode3 0.3720 0.3602 0.3656 0.36606
Mode5 0.1920 0.1833 0.1871 0.1878
Mode2 0.9120 0.9012 0.9072 0.9078

TABLE IX
ESTIMATIONS OF 1,

True Value SVM H-SVM SG-SVM
Mode3 0.1503 0.1556 0.1531 0.1527
Mode5 0.3213 0.3256 0.3237 0.3234
Mode2 -0.3120 -0.3077 -0.3101 -0.3103




Case 2: To further test the algorithm, additional voltage curves are used. The test system and the parameters are the
same as the scenario in Case 1.

TABLE XI
A Ea RES OF ESTIMATED PARAMETERS WITH DIFFERENT APPROACHES
T i 5 g UNDER THE MODE 5
R g S L T AR
:5 60 . 801 100 = 60 . 801 100 RE (%)
Samples 2 amples
1.1 / ® - ® A1 Ag A3
3 { e e et SVM 3.2434 1.4514 2.1558
& e R : ‘ 3
5 050 (). . —y Algorithm | H-SVM 2.2573 1.0089 1.4973
- T Model SG-SVM 1.9042 0.8514 1.2642
Z 07 Modes ‘ Mode 5 Mode 3 Mode2 77V
0 200 400 Samples 600 800 1000
© TABLE XII
6 RES OF ESTIMATED PARAMETERS WITH DIFFERENT APPROACHES
UNDER THE MODE 2
g 4
=]
z . RE (%)
% b 0 1o al Az As
samples SVM 3.7946 2.4658 2.1368
Algorithm | H-SVM 2.6245 1.6136 1.3539
Fig. 30 (a) Voltage measurements and fitting curve. (b) Operating 5G-SVM 1.8349 1.1489 0.9387
modes at different samples.
TABLE XIII

RES OF ESTIMATED PARAMETERS WITH DIFFERENT APPROACHES
UNDER THE MODE 1

TABLE X
RES OF ESTIMATED PARAMETERS WITH DIFFERENT APPROACHES
UNDER THE MODE 3
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RE (%)
. RE/\(%) . A1 Ao Az
: 2 2 SVM 42486 43978 3.1454
SVM 3.8096 37222 12502 Alsorith — B —
Algorithm | H-SVM 1.4945 1.4567 0.4881 gorithm | H-SVM 2.9223 21284 18354
SG-SVM 1.3425 1.3081 0.4382 SG-SVM 1.5445 1.4543 11254




Case 3: To further test the algorithm, additional voltage curves are used. The test system and the parameters

are the same as the scenario in Case 1.
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Fig. 31 (a) Voltage measurements and fitting curve. (b)
Operating modes at different samples.
TABLE XIV

RES OF ESTIMATED PARAMETERS WITH DIFFERENT APPROACHES
UNDER THE MODE 4

RE (%)
A Ao Ag
SVM 5.1011 5.5973 2.3383
Algorithm H-SVM 3.6899 4.0456 1.6889
SG-SVM 3.3067 3.6281 1.5158
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TABLE XV
RES OF ESTIMATED PARAMETERS WITH DIFFERENT APPROACHES
UNDER THE MODE 2

RE (%)
A1 Ag A3
SVM 2.8268 1.2071 9.3492
Algorithm H-SVM 2.6826 1.1472 8.8973
SG-SVM 2.3242 0.9923 7.6816

TABLE XVI
RES OF ESTIMATED PARAMETERS WITH DIFFERENT APPROACHES
UNDER THE MODE 1

RE (%)
A A2 Az
SVM 4.8501 3.5064 1.2659
Algorithm H-SVM 3.8437 2.7783 1.0029
SG-SVM 3.4770 2.5142 0.9079
TABLE XVII
RES OF ESTIMATED PARAMETERS WITH DIFFERENT APPROACHES
UNDER THE MODE 3
RE (%)
AM Ao A3
SVM 3.2761 2.2586 1.6355
Algorithm H-SVM 3.1485 2.1709 1.5727
SG-SVM 2.8219 1.9386 1.3997
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