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* Linear Analysis of Multi-Phase PHIL Experiemnts
* PV-DIM and its application




Motivation for Linear Analysis Framework

* PHIL experiment analysis is typically
specific to case study and PHIL interface
algorithm being used

* Most multi-phase PHIL experiments are
conducted without proper assessment of

» Stability
* Accuracy
* Sensitivity
* Advantages / Uses
* Single framework that allows for probing of
various |As for an experiment
* Challenges

* Properly represent the transfer functions
needed within the linear analysis framework
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Fig. 4 Equivalent block diagram of the PHIL system with ITM IA

Same PHIL experiment analyzed differently due to
two different |A used
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Power Hardware-in-the-Loop (PHIL) Simulation

* Virtually interface power hardware of
i(rlc/’lc(e)rl?st (HOI) to model of interest

* Use power amplifiers and/or
actuators in PHIL interface

* Advantages / Uses
* Facilitates early integration testing

* Flexibility to easily change surrounding
system

* Test extreme conditions in controlled
laboratory environment

* Challenges

* Delays in PHIL interface can adversely
affect accuracy and stability
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Extended Lawrence Architecture is applied as general
framework for linear PHIL |As

Stimuli represented as Thevenin equivalent circuits

Stimuli references formed from linear combination of
observable quantities

PHIL IA defined by 8 ideal “gains” and two Thevenin
impedance characteristics (Z, and Zj)
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Linear Analysis Framework Using ELA for Single Phase PHIL System
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Example PHIL Simulation Employing IA of ELA

Gsys— Mapping from inputs and stimuli to observable
quantities

G,,.— Represents PHIL interface

G,, — Effect of voltage and current sensors

G,,—|A gains

G, — Effects of amplification and stimulation injections

d,, — Noise at sensors measurements
d e Disturbance introduced through amplifier
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Linear Formulation for Multi-Phase PHIL Interfaces
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Linear Formulation for Multi-Phase PHIL Interfaces

Evaluation of Stability Evaluation of Accuracy

Matrix Description Matrix Size
u Input applied at terminals of ROS 2n x 1 Go = —1+det (Lin — GaysGin) Tu—y = (Lin = GuysGim) ™ GoysGra
and DUT
y Observable quantities at the termi- dn x 1 Evaluation of Sensitivity from measurements to observable quantities
nals of ROS and DUT —1
4 Matrix of input and stimuli dn x 1 Tdm_y R (I4n o GsySGi”t) GsysGthTQ
r Stimuli applied to ROS and DUT dn x 1
G11 Conditioning matrix for u An X 2n Evaluation of Sensitivity from amplifier disturbance to observable quantities
Gro Conditioning matrix to include ef- 4dn X 2n _1
fects of dp, Tdamp—y — (I4n — GsysGint) GsysGTS
Gr3 Conditioning matrix to include ef- dn X n
fects of damp . . ]
Gsys Matrix facilitating mapping of in- 4n X 4n ELA Gains of EXIStlng PHIL IAs for Slngle-
puts and stimuli to observable Phase PHIL Experiment
quantities
Gm Effects of voltage and current sen- 4dn X 4n PHILIA Ty,  Zi,  T3p Z3n T}p Zip Top  Zp Zp Zp
SOTs ITM-VT 0 0 0 ~7Zp 1 0 0 0 Zp Zamp
Gra Ideal gains of interface algorithm 4n X 4n ITM-IT 0 0 1 0 0 Zamp 0 0 0 Zamp
Gstim Effects of amplification and injec- 4dn X 4n PCD-VT 0 0 1 0 1 0 0 0 ZAB ZAB + Zamyp
tion stage PCD-IT 0 0 0 —-Z4B 0 ZaB//Zamp 0 0 Z4B ZAB/ [Zamp
Gint Matrix representing the entire 4n X 4n DIM-VT 0 0 1 —Z 1 0 0 0 Z°+Zap  ZaB+ Zamp
PHIL interface (G G1AGstim) DIM-IT 0 0 ZZ%5 -Z"//Zas 0 ZpB/|Zamp O 0 Z*//Zap  ZaB//Zamp
TLM 0 0 1 — 7, 1 ik 0 0 Zyi Zik + Zamp
AITM-VT 1 0 0 e 1 0 0 0 Zo Zomp
T — .
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Transfer Function from Input Voltage (V, 4.) PH e plementation of the Ideal Experiment

Interest Interest

141 (MOT) (HOD
to Observable Quantities (V 4., | 4/,)
w TR
« Symbolic expressions are not intuitive to analyze without i N
simplifications 0 T e T
’ Num?rlcal gnalysm using symbolic expressions in FD are matched to . Resistive-Inductive DIM-VT
LI sl Stability Analysis
To oty by = (Zr(ZaZamp + ZaZB + ZampZRr + ZBZR)) Gu =50
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) <24 + ZR) t (TAmmeI ZJ%%)/((Z4 + ZR)(ZAZAmp + ZAZB + ZAmpZR + ZB ZR T TAmme[ZAZR)) - szmpZAxyZByx + ZimpZAyxZBxy + ZAmpxyZAacyZJ%’yx + ZAmpxyZAyxZ%xy
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Example Application for System Using DQ-Frame PHIL ITM IA

* Frequency domain analysis conducted using
Matlab

* Time-domain analysis conducted using RTDS

L Default
Symbol Description Value
fvase Base frequency of the sys- 60 Hz
tem
R A Source resistance 0.01 pu
XA Source reactance 0.05 pu
REp Load resistance 1 pu
Xp Load reactance 0.75 pu
Ramp Amplifier resistance 0.001 pu
Xamp Amplifier reactance 0.005 pu
Rr MOI stimulus resistance 10000 pu
Xnr MOI stimulus inductance O pu
fe—amp Pole frequency for filter 1 kHz
representing the amplifier
dynamics
fe—mnr Pole frequency for filter 100 kHz
representing current mea-
surement characteristics
Se—mv Pole frequency for filter 100 kHz
representing voltage mea-
surement characteristics
Ta—amp Amplifier time delay 150 ps
T i Time delay for measure- 50 us
ment of currents at HOI
Ta—mms Time delay for measure- 50 us
ment of currents and volt-
ages at MOI
Ta—mVv Time delay for measure- 50 us
ment of voltages at HOI
Ta—ctim Time delay associated 50 us
with application of
voltage and current
injections at simulated
MOIT

: ZA : 1 Dabc Zamp 1 Habc E-
s R —
E E + VF -ref abc g E
1 + 1 1
! V;labc C_ 7 DV<_:_ VDabc Z R C‘) (:) V Habc 01—1 Vo
: ! ]R-refiabc .

c 0,ris the reference angle for HOI side
. 0 py & Oy are the phase angle reference computed using Vp, & Vi

‘DQ’ transformation-based IA implementation
MOI Side HOI Side

y
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Iprerp «—| to ];(()Q «— Iy g aw
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2025
Time-Domain PHIL IA Implementation
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Magnitude (pu)

Time-Domain PHIL IA Implementation on RTDS

‘D> Component
Frequency Spectrum
of Input Voltage

Magnitude (pu)

Magniude (pu)
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Digital Side Current
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Ideal Experiment

Hardware Side Voltage
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Eva I U a t i O N Of S ta b i I ity % Ratio for Benchmark System to Reach Instability

B

. . . . . . . . T S Freq. Domain Time-domain
Stability criteria with following simplifications damp (HS)
* All actuation measurement delays represented as 7, 150 0.31 0.31
*  Within the controllable bandwidth, Z,,, =0 250 0.29 0.29
GBI D e BB Lme e g o 300 0.28 0.28
+ + +
G,=-T. ( Ad CTAd 4 TOAE Adq Bd“’) 500 0.27 0.27
(Zqu + ZB)
. Nyquist Plot
0 Nyquist Plot | 1 Nyquist Plot . 1 [
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Magnitude

Magnitude
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Ideal PHIL
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Phase Angle Accuracy Evaluation

ZA 1 labc Zamp / 2abc
> >
- -
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ITM-VT PHIL Experiment

‘DQ’ Transformation Implementation
¢ ’ 1
ABC’ Frame Implementation MOI Side HOI Side
v
V,,—] Fitter —> Vi a o 5 Ve = ABC D 31 Filter f—» DO Veres a
14 = T VT o At];)C > Vrnr
jp—¥ Filter |——> }, A DQ o i >
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Phase Angle Accuracy Evaluation

Phase Angle at the MOI for Different Amplifier Actuation Delay

200 ——
™ A
150 S s s \\R N
——50pus | 1N N
100 - — 150 pus| \ ']
——250 us| ' |
350 us| M \
o 90 ----500 us| | ‘ }
Q 1 Y I
° ; \ |
o 0Of ! \ \\
2 : :
< .50 : \\ '
s
-100 | NN L
150 NN
BNNANAWNE

200 - ——
102 10°

Frequency (Hz)

As the amplifier delay increases, the phase angle between voltage and current increases at the MOI which leads to accuracy
issues with the PHIL experiment

1T 1




Filtering frequencies above and below fundamental
Improving Stability of PHIL Experiment

‘ABC’ Frame 1A Implementation ‘DQ’ Transformation IA Implementation

Consider ITM-VT IA for RL benchmark system
For certain PHIL experiments to maintain
stability, filtering of the feedback current is
required

The digital side current reference I ,is

(pu)

Current

filtered using a first order filter for both ‘ABC’ ° * | —
and ‘DQ’ implementations \ | —vomioke /
Y MOI - Ifc = 80 Hz
Plots showing instantaneous waveforms for = | 1 o \ ot e 1
Phase A currents or voltages at either the " e
Time (s) i s,
MOI or the HOI 0.8 ‘ . w ‘ 0.66
061
\ \ 0.64 -
0471 ,
0.62 ki
= 027 [} =)
5 1' ! L) 5
‘GEJ Or J’r "I 1: ‘Il ;" I‘\ E 0.6 )
g k | 1 \‘ g
O 0.2 . - . ’ - 1 o .
b\ — Filter Input Current 0.58 | — Filter Input Current
i . . f W 1| Filter Output with Ifc = 10 Hz — Filter Output with Ifc = 10 Hz
‘DQ’ transformation based 1A lmplementatlon able -0.4 “\.f |—Filter Output with Ifc = 40 Hz ] —— Filter Output with Ifc = 40 Hz
L. . . 7 |—Filter Output with Ifc =80 Hz | 0.56 Filter Output with Ifc =80 Hz |
to aid 1in stablhty as well as preserving accuracy 0.6 Filter Output with Ifc = 100 Hz /- Filter Output with Ifc = 100 Hz
- ==~ Filter Qutput with Ifc = 120 Hz = === Filter Qutput with Ifc =120 Hz
0.8 ‘ : ‘ ‘ 0.54 : ‘ ‘ ‘
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Time (s) Time (s .
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Conclusion

* Linear analysis framework for PHIL
experiments is applicable to multi-
phase PHIL systems

* Although analytical expressions for
stability and accuracy seem
complicated, FD and TD simulations
can be used for verification

* A practical example of application of
linear analysis framework for three-
phase PHIL experiment was
demonstrated [,

ELA Gain Instantaneous DQ Resistive DQ-Resistive-Inductive

. 10 1 0
Tir ! 0 1 0 1
T5r 0 0 0
Zip 0 0 0
Zp 0 0 0
Tir 0 0 0
TSR 0 0 0
Zir 0 0 0
Zsn 0 0 0
P Rr O Rr O

" —Hir 0 Rg | 0 Rg

RAmp 0 RAmp + WLAmp _L‘JSLAmp
Z F ZAmp
0 RA'mp Ws LAmp RAmp + WLAmp

[1]S. Ishiguro, J. Langston, K. Watanabe, H. Lopez, Y.
lzumida, and |. Barnola, “Using power hardware-in-the-loop
simulation to explore uninterrupted power service of a
converter for microgrid,” in IECON 2024 - 50th Annual

ZEE ]
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Partial-Virtual DIM Interface Algorithm




Challenges with DIM IA

* Requires matching Z"to Z, over
the full frequency range

* Requires measurement of Z,
. Me%/ need to adapt Z” to changes

* May be difficult to represent Z,
through network of passive
components

* Controls for power electronic
converters can arbitrarily shape
impedance in lower frequency
range

 Constant power loads and power
converters often exhibit negative
resistance (i.e. 180 degree phase
angle) at low frequency

DIM-VT

MOI Stimulus

Z*

IR—ref = Iy VR—ref =Vy

697%) a

HOI
Stimulus
V4

amp

VF—ref =1p

Motivation for PDIM and PVDIM

|As




Virtual DIM IA

* Do not explicitly represent Z* with
passive elements

* Represent effect of Z* through
voltage drop

* Represent Z" through transfer
function applied to /;

* (+) Not limited to representation
as passive network

* (-) Delay in stimulus can distort
the impedance at high frequency

DIM

________________________
___________________

i MO E E MOI Stimulus

IR—ref = Iy VR—ref = Vu

Virtual DIM (VDIM)

___________________

________________________

MOI ] i MOl Stimulus
Zp i Ill) i i
e |
ACEE A OOy
IR—ref = Iy

Ve—ref = Vu + (Ip — Iy)Z*

AGJ U

20



Partial Virtual DIM 1A,

________________________

i MOl i E MOI Stimulus
* Represent Z" through combination AN N N S
of explicit passive elements (Z,") and . RN .
virtual impedance (£’) o | A R|

* Use Z torepresentimpedance in
the low frequency range

* (+) Flexibility to represent arbitrary Partial Virtual DIM (PVDIM)  Z"=Z "+Z°
transfer function
i MOI i : MOI Stimulus
* Use Z, to represent impedance in Z, | I Lz i
the high frequency range AT
* (+) Avoids issues with delays in stimuli a Vb Tr k|
« (+) Typically, high frequency range is — 11
dominated by passive elements Ip—rer = Iy

Ve—rer =Vu + (Ip = Iy)Zy 21

U APF A U & ULU U x g AGJ U




General Framework for Linear PHIL IAs

 Stimuli represented as
Thevenin equivalent
circuits

e Stimuli references
formed from linear
combination of
observable quantities

* PHIL IA defined by 8
ideal “gains” and two
Thevenin impedance
characteristics (£, and

Z5)

_____________________________________________________________

MOl MOI Stimulus HOI HO
Stimulus
Zy I Z, Zg I Zy

Vr = TprVp + Zprlp + TurVy + Zyrln Ve = TppVp + Zpplp + TypVy + Zyply

Vr-rer = TprVp + Zprlp + TyrVe + Zurln Ve—rer = TprVp + Zpplp + TipVy + Ziply

PHILIA  Thy Zhr Tigr Zur Tor Zbr Thr Zhr 4R 23
ITM-NVT 0 0 0 —Zp 1 0 0 0 Zn Lamp
DIM-VT 0 0 1 —-Z" 1 0 0 0 Z* Zamp
VDIM-VT 0 z 1 —Z" 1 0 0 1] 0 Zamp
PVDIMVT ©0 2z° 1 -z 1 o 0o o0 2z° Zamp
T —
0 0 0 0 . . .




Example PHIL System

* Large source impedance to present stability
challenge
. Neéatlve resistance in series with parallel Zi— A p.
RLC for HOl impedance 27 frase
3 10
1 2
* Delays Cpe— 1+ E
Qﬂ—fbaseXC’B ’é
©
=
XLB
Symbol Description Value Lg= 27
Srase Base frequency for the system. 50 Hz ™ fhase
. Pole frequency for filter representing the 400 Hz I Les 10
c—amp J & T S
amplifier dynamics. Zp=—Rp- j‘)fCB - B I 2
Je—mI Pole frequency for filter representing current 100 kHz s+2nfen LgCgs? + B s+ 1
measurement characteristics. e Rp
fe—mv Pole frequency for filter representing voltage 100 kHz \
measurement characteristics. T 20 fe—amp  _oTu_amp
Ra Source resistance. 0.05 pu amp = o o f ’ 200
Ramp Amplifier resistance. 0.005 pu : c—amp
Rpg HOIT impedance magnitude at low frequency. 1.0pu X
Rap HOI resistance for RLC circuit. 10.0 pu Zamp = ——25 + Ramp
[CE—— Amplifier time delay. 100 ps 27 frase
Ta—mI Time delay associated with current measure- 50 s
ments.
Ty mv Time delay associated with voltage measure- 50 us DelayS va — Q?ch—mv e*STd—mV =
ments. S+ 2T fomy &
Ty_stim Time delay associated with voltage and cur- 50 s 8
rent injections at the simulated ROS. ‘ 2T fomI Y °
Xa Source reactance. 0.5pu Tmr = 2— E <
Xamp Amplifier reactance. 0.01pu s+ Wf c—ml
Xes HOI capacitive reactance. 10.0 pu T —1
Xine HOI inductive reactance. 0.07 pu mS —
! —sT, —stim
Tstim = € dost
] —
: : U APF A0 X OLO U 2 i .

o

Frequency (Hz)




Example PHIL System: |IA Damping Impedance
Characteristics

10"
PHILIA  Thyr Zhr Tir Zur Tor Zor Thr Zhr Zr Zp
ITM-VT 0 ] 0 —ZR 1 0 0 0 ZR Zamp
DIM-VT 0 0 1 —Z* 1 0 0 0 zZ* Zamp 10°
VDIM-VT 0 z 1 - 1 0 0 ] 0 Zamp
PVDIM-VT 0 zZ; 1 — 1 0 0 ] Z7 Zamp 3
g 10"
g
kmLp s :
* i mi/B = 107
Zprm = km BB + Lo
A‘-%LB(_.-TBSQ + R—S +1
B
10
27 feB kmLps
Z‘T"Dh“d = —k,Rp " ‘)fcf m s 200
STEMIB 2 [ pCps? + =25 41
Rp
2 f #* - AmLB S g)’ 50 |
7% iy = ko Rp TJeB ‘e—PVDIM = Ls g
v—PV DIM m s + s_)_ﬁch ]17_%111_3(_“‘3'92 4+ 2541 %c;’
Rp < 0
-50 |
==

_Z
VDIM
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Linear Analysis of PHIL Experiments

Zr
Za+Zp
1
Za+Zr
Actual ELA Gains (From Ideal Gains) .
Ty =Ty Ty i a7 = Tns Ty Zi Grs = (00017 “
TEP = fml" Turu;: IE}-‘ J‘EI—' = I.'i-ri -'!-fmr.p JJF d
.TI R = T.ru.":n' T\:l’rm Tl*[{ E] k= ?_:'rr.{r' T*-ft'ni' ZIH GT3 amp
]”_}H = .Ifl.'f.;ru. .IIJH'l-' ISR ZEH = lI.‘H.":I;.IH I:lrrf Z'Eﬁl VA VA VI
0 Ve !
VB V,q VE
. v, " 0] X v [V y 1
Transfer functions [V}—> G F——C) > >
oM. g ang B A
describing stability, oo 017
e - 0
accuracy, and sensitivity to G [ 00 1 o] [, ]|
disturbances 1 0 J J
Gsr — dPt(I - G?Z-n.t (sz.ﬁ') — dEt(I - Gsys Giﬂ,f_) _ y Gim ~ G,
¥
Tu—-y — (I - Geye G-e'.nr.)_l Gs-ys GTI 0 0 0 0 p
T'r Zir Tor Z2r
-1 ¥ o ~ v
ﬂf(L'rrtp—y — (I - Gsys Gini.) Gsys GTB (’m-t = Gstzm (IIA (I.m = 0 0 0 0 0
, _1 , Thr Zirp Top Zor Gra = [ 0
Td'm,—y = (I - C"sys Gint} Gsys Gint C’TQ
T —
U APF A U < OLU U U




Assessment of Accuracy: Transfer Function
Magnitude Error
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Conclusion

* DIMIAis often employed for PHIL systems , gk On A
posing stability challenges i Ay Y

* VDIM and PVDIM can offer additional Inrer =lu Va-rer =Va
flexibility in representing Z" for the DIM IA - _—

* Flexibility can be even more important for o | b
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* When DG trips, impedance rapidly switches from low impedance of DG to high
impedance of loads

 Simultaneously, battery inverter switches from high impedance to low imepdance




II"\';— b IH— b
ke ~]#bc/dg (1%)——@4 LPF}—{da/abc}=""

=i oy
ID—abc
<—| LPF |+—dq/abcle—
t

6p v
®<—| LPF |—{dq/abcl— "

t
eH
X

 Active power (grid-connected/islanding condition)

’ Generator ESS(Hardware) Load1 Load2 Load3 |
3r .
trip re-sync
g 2 —l
% 1F l == B ¢
2
o 01H
| — -
0 2 4 6 8 10 12 14 16
Time[s]
» Voltage wave(trip) * Voltage wave(re-sync)
trip re-sync
1 Va
z z —
@ > Ve
o &0
S S
> >
- -1 |
23 2.52 2.34 2.56 2.:38 2'.4 142 1422 1424 1426 14.28
Time[s] Time(s]
= ==
i AGO 0 Al L .




Few Publications of Interest

* J. Langston, “Application and analysis of the extended Lawrence teleoperation architecture to power
hardware-in-the-loop simulation,” Ph.D. dissertation, Florida State University, 2018.

* H. Ravindra, “Linear analysis of multi-phase PHIL experiments,” Ph.D. dissertation, Florida State University,
2023.

* H. Ravindra and J. Langston, "Linear Analysis of PHIL Simulation Experiments with Multi-Phase
Interfaces," IECON 2024 - 50th Annual Conference of the IEEE Industrial Electronics Society,
Chicago, IL, USA, 2024.

« J. Langston, S. Ishiguro, H. Ravindra, K. Watanabe and K. Schoder, "Partial Virtual Damping
Impedance Method Interface Approach for Power Hardware-in-the-Loop Simulation," IECON 2024 -
50th Annual Conference of the IEEE Industrial Electronics Society, Chicago, IL, USA, 2024.

e J. Langston, T. Szymanski, K. Schoder, M. Steurer, and R. G. Roberts, “Practical estimation of accuracy in
power hardware-in-the-loop simulation using impedance measurements,” IEEE Transactions on Power
Systems, vol. 36, no. 3, pp. 2584-2593, 2021

« S. Ishiguro, J. Langston, K. Watanabe, H. Lopez, Y. Izumida and |. Barnola, "Using Power
Hardware-in-the-Loop Simulation to Explore Uninterrupted Power Service of a Converter for
Microgrid," IECON 2024 - 50th Annual Conference of the IEEE Industrial Electronics Society,
Chicago, IL, USA, 2024.




Thank You




	Linear Analysis of PHIL Experiments� & �Partial Virtual DIM Interface Algorithm
	Outline
	Motivation for Linear Analysis Framework
	Power Hardware-in-the-Loop (PHIL) Simulation
	Linear Analysis Framework Using ELA for Single Phase PHIL System
	Linear Formulation for Multi-Phase PHIL Interfaces
	Linear Formulation for Multi-Phase PHIL Interfaces
	Transfer Function from Input Voltage (VA_d/q) to Observable Quantities (V_d/q, I_d/q)
	Example Application for System Using DQ-Frame PHIL ITM IA
	Time-Domain PHIL IA Implementation
	Time-Domain PHIL IA Implementation on RTDS
	Evaluation of Stability
	Evaluation of Accuracy
	Phase Angle Accuracy Evaluation
	Phase Angle Accuracy Evaluation
	Filtering frequencies above and below fundamental�Improving Stability of PHIL Experiment
	Conclusion
	Partial-Virtual DIM Interface Algorithm
	Challenges with DIM IA
	Virtual DIM IA
	Partial Virtual DIM IA
	General Framework for Linear PHIL IAs
	Example PHIL System
	Example PHIL System:  IA Damping Impedance Characteristics
	Linear Analysis of PHIL Experiments
	Assessment of Accuracy:  Transfer Function Magnitude Error
	Conclusion
	Practical Application of PVDIM 
	Practical Application of PVDIM 
	Few Publications of Interest
	Thank You

