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Abstract

Power hardware-in-the-loop (PHIL) creates a safe test environment to connect simulations
with real hardware under test (HuT). Therefore, an interface algorithm (IA) must be chosen.
The ideal transformer method (ITM) and the partial circuit duplication (PCD) are popular
IAs, where a distinction is made between voltage- (V-) and current-type (C-) IAs. Depending
on the sample time of the simulator and further delays, simulation accuracy is reduced
and instability can occur due to negative feedback in the V-ITM and C-ITM control loops,
which makes PHIL operation impossible. In the case of positive feedback, such as with
the V-PCD and C-PCD, the delay causes destructive interference, which results in a phase
shift and attenuation of the output signal. In this article, a novel damped Smith predictor
(SP) for positive feedback PHIL IAs is presented, which significantly reduces destructive
interference while allowing stable operation at low linking impedances at V-PCD and high
linking impedances at C-PCD, thus reducing losses in the system. Experimental results
show a reduction in phase shift by 21.17° and attenuation improvement of 24.3% for V-PCD
at a sample time of 100 ps. The SP transfer functions are also derived and integrated into
the listed negative feedback IAs, resulting in an increase in the gain margin (GM) from
approximately one to three, which significantly enhances system stability. The proposed
methods can improve stability and accuracy, which can be further improved by calculating
the HuT impedance in real-time and dynamically adapting the SP model. Stable PHIL
operation with SP is also possible with SP model errors or sudden HuT impedance changes,
as long as deviations stay within the presented limits.

Keywords: digital real-time simulator; ideal transformer method; partial circuit duplication;
power hardware-in-the-loop; Smith predictor; time delays

1. Introduction

Power hardware-in-the-loop (PHIL) enables the analysis of interactions between
physical hardware under test (HuT) and a simulation in a safe laboratory environment.
For example, solar inverters [1-3], cables [4], grid protection systems [5,6], and energy
storage systems [7] serve as HuT. The system of interest can be models of DC microgrids [8]
or other digital twins, such as benchmark networks [9,10]. These models are simulated in
real-time on appropriate digital real-time simulators (DRTSs) with defined sample times.
For phasor simulations and models that do not require such a high level of accuracy,
a larger sample time can be chosen [11], which is typically between 1 and 10 ms [12].
Electromagnetic transient (EMT) simulations and models that require a higher level of
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accuracy are calculated with sample times in the microsecond range. In addition to the
more expensive DRTS, less expensive PHIL setups, but with longer sample times, can be
realized based on programmable logic controllers, microcontrollers, or PCs [11,13,14].

To connect the real HuT to the simulation, a power amplifier (PA) is used. The PA
typically receives its setpoint via an optical link (OL) or analog interface, which, depending
on the PHIL interface algorithm (IA), can either be a current or voltage signal that is
calculated by the DRTS. To account for the behavior of the HuT, the voltage and current
at the HuT are measured either by additional measurement systems or by measurement
systems integrated into the PA and are subsequently fed back into the simulation. The
system time delay consists of two components: the sample time and the time needed for
communication, conversion, and measurement of signals. Hence, lower communication
latency is preferred, making OL communication favorable due to its lower latency [11,15].
Because PHIL setups are mixed-signal systems, the sum of the continuous time delays must
ideally be smaller than the sample time of the DRTS [16], to ensure that the total closed loop
time delay can be assumed as twice the simulation DRTS sample time [17,18]. Otherwise,
the total system time delay can consist of three or more discrete sample times, which may
result in lower stability and accuracy. In practice, it is challenging to model reality accurately
with a PHIL setup due to time delays and non-ideal transmission behavior caused by
the low-pass behavior of the PA, DRTS discretization effects, and other parasitic effects,
as shown in [10,19]. For a more accurate stability analysis of the system, it is necessary to
determine the closed loop and all system parameters as accurately as possible [20].

In addition, an appropriate IA must be selected to match the setup, where a distinction
is made between the voltage-type (V-) and current-type (C-) IA, which describes the
setpoint for the PA. In [12,21], the ideal transformer method (ITM) is referred to as the
most commonly used IA because it is easy to implement and provides a high level of
accuracy. However, it is shown in [19,21] that the ITM quickly reaches its stability limit,
which is caused by two factors: the ratio between the simulated impedance and the actual
HuT impedance, as well as the time delay and parasitic effects of the system. The stability
and the scope of the setup can be improved by introducing a first-order low-pass filter
(LPF) in the measurement feedback, which is shown in [10,22]. However, this reduces
the bandwidth, dynamics, and accuracy of the PHIL setup. In [23], a coupling method
is presented, which was transferred to PHIL in a modified form and is known as partial
circuit duplication (PCD). In [12,24], the method is used for large-scale systems when the
HuT is bonded to the simulated system through a linking impedance. The PCD method
has the advantage that it is theoretically always stable and the gain margin (GM) increases
with increasing linking impedances at V-PCD and decreasing linking impedance at C-PCD.
However, this results in increased system losses, as well as lower accuracies [25]. In all IAs,
there is a trade-off between dynamics, bandwidth, accuracy, scope, and, most importantly,
the stability of the system [25].

The effect of time delay on system stability and accuracy depends on the IA
used [26,27]. For negative feedback control loops, such as V-ITM and C-ITM, the stability
and accuracy decrease for higher time delays. In contrast, for positive feedback control
loops, such as V-PCD and C-PCD, phase shift and attenuation increase with time delay due
to destructive interference, which significantly reduces accuracy. These negative effects
also occur in other, more stable IAs, such as the damping impedance method (DIM) and
the transmission line model (TLM) presented in [21,25,28], and increase with larger time
delay. For both categories of IAs, additional noise perturbation in the control loop, such
as measurement noise, further reduce stability and accuracy. Hence, this paper aims at
developing methods that compensate the time delay of the system to ensure more accurate
PHIL simulations. To achieve this, a method based on the Smith predictor (SP) is proposed.



Energies 2025, 18, 3773

30f19

The SP is a method from control theory that can be used to compensate time delay and
its negative effects in systems. First applications of SP-based approaches can be found
in [29,30], where an SP is applied to V-ITM. In [29], an SP circuit for this IA is presented.
The improvement of stability is validated and a real-time sliding discrete Fourier transform
measurement of the HuT impedance is added.

This article highlights the novelty of an advanced filtered SP developed for positive
feedback PHIL setups, which represents a significant advancement for the V-PCD and
C-PCD IAs, by reducing the destructive interference. This indicates a significant reduction
in both phase shift and attenuation. This new damped SP compensates the time delay
and also enables practical, more accurate, and stable operation of the PHIL setup at low
linking impedances for V-PCD and high linking impedances for C-PCD, thereby reducing
power losses in the system. The article also demonstrates how an SP significantly improves
system stability—by approximately a factor of three—for systems with negative feedback
control loops, by compensating the time delay and ensuring higher accuracy. First, the SP
is applied to the V-ITM, which is already established in [29]. Furthermore, as a novelty, this
article shows the first application of an SP in the C-ITM. The article shows how real-time
impedance calculation of the passive HuT using measured values and dynamic adaptation
of the SP model significantly improves stability and maintains a nearly constant GM.

This article is structured as follows: Section 2 provides a general overview of the
system time delay composition and the operating principle of the PCD and ITM IAs.
Section 3 derives the mathematical functions and block diagrams of the SP for V-ITM, C-
ITM, V-PCD, and C-PCD, which compensate the system time delay. The advanced damped
SP for V-PCD and C-PCD with positive feedback is presented. The simulation results
are shown and analyzed in Section 4. In Section 5, experimental results are presented to
validate the simulation results and demonstrate the enhanced stability and accuracy of the
practical PHIL setups. Finally, Section 6 offers the conclusion and provides a brief outlook.

2. Interface Algorithms

The most common and straightforward IAs are the ITM and PCD. A qualitative visual
comparison of the two IAs is shown in Figure 1, and they are examined in more detail in
the following sections. A distinction is made between V-IA and C-IA, which are based
on voltage and current setpoints, respectively. Depending on the 1As, the measured HuT
current or voltage is fed back into the simulation.

IT™ Bandwidth

PCD Lk T

V-PCD Liink |
C-PCD
Accuracy Dynamics
Zymk T Lpink T
ZiLink B Livink i
P = Rllink[l?[u'r,eff ZiLink T
Uburerr  SCODPE Stability Zwik |

v
Rl.ml\'

Figure 1. Comparison between ITM and PCD IA - the linking impedance effects the trade-off between
accuracy, bandwidth, dynamics, stability, and scope.

The continuous open loop time delay Ty cont Of each IA consists of the simulation sam-
ple time Tpgrrs, the digital-to-analog conversion time Tp, 5, the analog-to-digital conversion
time Ty /p, the measurement time Tyjeqs, and additional time delays Trest:
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Ta,cont = TorTs + Tpo/a + Tveas + Ta/p + Trest 1)

However, since PHIL is a coupling of a discrete and continuous system, the closed
loop time Ty, which is here important for the stability, equals twice the DRTS sample time
if the continuous system is fast enough:

Ty =2 Tprrs =z > ()

2.1. Ideal Transformer Method
2.1.1. Voltage-Type ITM

The IA based on the V-ITM is illustrated in Figure 2. The voltage Vrrg across an ideal
controlled current source is calculated in the simulation and transmitted to a PA as a setpoint,
which is presented as a controlled voltage source. Depending on the actual HuT impedance
Zyut, a current Ig, flows. This current is measured and fed back into the simulation.
The voltage Vrrs is calculated in the DRTS depending on the calculated simulation voltage
Vsim and the simulated impedance Zg;,,, which depends on the simulated network. The block
diagram of the control circuit is shown in Figure 3, the parameters of which are discussed next.

Figure 2. Equivalent circuit of V-ITM IA.

Amplifier
VSim _VRTS - GPA VHuT — >
Vy,
Grid Delay Hardware
GSim _ IRTS e_sTd _ IHuT GHuT
DRTS HuT

Figure 3. Block diagram of V-ITM IA.

The transfer function of the simulation Gg;,,, includes the simulated inductance Lg;,
and resistance Rgjy:

Gsim = Zsim = S Lsim + Rgim = 620 uH + 22.18 () 3)
The transfer function of the hardware Gyt is given by the series connection of the
hardware inductance Ly, and the real resistance Ry,T:

1 1 1

pr— = 4
ZHuT $ LiguT + Rygut $620 uH + 22.18 () @

GHut =

The open loop transfer function Go 1y includes the second-order low-pass behavior
of the PA Gpp, which slightly improves stability due to its negative poles but also reduces
accuracy and bandwidth for wy = 180kHz and D = 0.9:
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1
Gpa = B T — %)
s s2D
g T w t1
Goirm = GpaGrurGsime ' (6)

Analyzing the open loop transfer function according to (6) for stability with different
system time delays results in Figure 4. The GM decreases here with increasing time delay
T4. The setup becomes unstable if the time delay is too large, meaning that operation is
not possible in this case. The closed loop transfer functions are calculated by dividing the
output signals of the IA by the input voltage Vgi, and G results for V-ITM as follows:

Gpa
Gevitm = )
' 14 GpaGrutrGsime T4

Ta=0 Ta=1ps Ta=5us (unstable)‘

1+ I GM: Inf

o0 05 L P - \\\«\ GM: 0.93 B
& .

|—E< 0F -+ q

-0.5F 8

—1k T —— J

-1 -0.5 0 0.5 1 1.5

Real

Figure 4. Influence of system time delay on GM: V-ITM (Zgj, =1.2- Zyy1, see (3) and (4)) or C-ITM
(Zttur =1.2- Zgim, see (8) and (9)).

2.1.2. Current-Type ITM

The C-ITM according to Figure 5 is similar to the equivalent circuit of the V-ITM, where
the current Ixrs is calculated in the simulation as the setpoint for the PA, which is presented
as a controlled current source. Depending on the HuT current and the HuT impedance
Zi1ut, the voltage Vit results. This voltage is measured and fed back into the simulation
using an ideal controlled voltage source. The new current value is calculated depending on
the simulated impedance Zg;,, and the simulation voltage Vs;,. The corresponding block
diagram of the control circuit is shown in Figure 6 and the transfer function is derived next.
The simulation and HuT transfer functions are defined as

G — 1 1 B 1 ®)
Sim =z SLgm + Rem 5620 pH + 22.18 Q)
GHuT = ZuuT = S LguT + Rygur = $620 pH 4 22.18 O) 9)
1 Zsim | — > Zir |
Irrs- Lt
Toa
+
<~> Vsm Ve b > | Vi
LN
DRTS HuT

Figure 5. Equivalent circuit of C-ITM IA.

The GM also decreases here with increasing time delay, which can be seen in Figure 4.
Assuming that the PA has the same transfer function for setting a voltage (constant voltage
mode) as for setting a current (constant current mode), the same Nyquist stability conditions
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apply to C-ITM as to V-ITM and both methods only differ in the fact that the ratio of the
impedances is reciprocal. The open loop transfer function is calculated according to (6) and
the closed loop transfer function is calculated as follows:

Gsim Gpa
G _ im 10
M 1 4 Goim GpaGrrure T4 (10
Grid Amplifier
Vsim Vy Gs Irrs Gon Thur
— [ L
Vrrs
Delay Hardware
oTd | Vit Gt
DRTS HuT

Figure 6. Block diagram of C-ITM IA.

2.2. Partial Circuit Duplication
2.2.1. Voltage-Type PCD

Figure 7 shows the equivalent circuit of the V-PCD method. The linking impedance
Z1ink represents the coupling impedance between the HuT and the PA. It is also implemented
in the simulation, affecting the current Izrs along with the variables Vg;y,, Vﬁlqu and Zgim,
which determine the voltage across the simulated impedance Zg;,,. The voltage Vs, is used
to calculate the setpoint for the PA, which acts as a controlled voltage source. As a result of the
voltage VI/{TS/ a real current Iy, flows depending on Z i and Zp,t. The real voltage Vit
is measured and fed back into the simulation by an ideal controlled voltage source.

‘I ZSim H ZLink IYF

RTS

A
‘ +
<~> lVSim VHuTl

Figure 7. Equivalent circuit of V-PCD IA.

To transform the equivalent control diagram in Figure 7 into the block diagram in
Figure 8, the following additional transfer function Ggain is introduced according to [28]:

Zs;
GGain = 7 - (11)
Link
Amplifier
Vsim | Vs Gon Vrrs Vit

Delay

—sTd |4

B

DRTS HuT

Figure 8. Block diagram of V-PCD IA.

In the V-PCD control loop, positive feedback occurs, which causes destructive interfer-
ence due to time delays in the system. The influence of the time delay on the output signal
Vit is illustrated in Figure 9, where the attenuation and phase shift increase with increas-
ing time delay. Note that in an ideal system without time delay, there is no destructive
interference and thus no additional phase shift and attenuation.
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— VSim VHuT,O s VHuT,BO ps T VHuT,lOO /s

Voltage in p.u.

0 5 10 15 20
Time in ms

Figure 9. Influence of the time delay on the attenuation and the phase shift of the output signal in the
V-PCD due to destructive interference with Zg;,, = Zyyur and Ziinx = Rsim /50; see (14) and (15).

The transfer functions and impedances of the simulation and the hardware are defined

as follows:
ZLink
Gsim = 50— (12)
M ik + Zsim
ZHuT
G s S— 13
Ao ik + Ziut 13)
Zsim = S Lsim + Rgimm = 620 uH + 22.18 () (14)
ZiuT = S Lgut + Rygur = s 620 uH 4 22.18 Q) (15)

The general open loop transfer function can be determined from Figure 8:
Go,pcD = GimGpaGrurGaine ™ (16)

The Nyquist criterion is used to analyze the stability of the open loop transfer function,
for which the positive feedback has to be considered, as depicted in Figure 10. Whereas
the PHIL setup using V-PCD is always stable in theory and only becomes unstable if Z ;.
is zero, the experimental setup shows that noise and numerical errors can cause unstable
states for small Zy ;.. It should be noted that while large Z; ;i values increase stability,
they come at the cost of higher losses and lower accuracy. Hence, the choice of Zj j, is not
straightforward and must be carefully considered. In practical setups, a minimum value of
Z1ink is often predefined by the coupling impedance and is assumed to be fixed, which is
why the first compromise between accuracy, losses, and stability is often defined in this
setup. In addition to the coupling impedance, system time delays further reduce accuracy.
The V-PCD open loop transfer function Gg ypcp can be calculated using (16). The closed
loop transfer function of the V-PCD with positive feedback is calculated as follows:

Gsim Gpra GHuT (17)

G =
C,VPCD 1_— GO,VPCD

Zvink = Rygur/100 Ziink = Riur/10]

-1 T s 0 05 1
Real

Figure 10. Influence of the linking impedance on the GM of the V-PCD, at Ty =5 ps and Zyy1 = Zsim;

see (14) and (15).

2.2.2. Current-Type PCD

Figure 11 shows the equivalent circuit of the C-PCD. In this setting, the total current
II/{TS results from the voltage Vgin,, the simulation impedance Zg;y,, the simulated linking
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impedance Zj i, and the current If 1 from the last simulation step provided by the ideal
current source. This setpoint is transmitted to the PA and set, which acts as a controlled
current source. The current Ig, the impedance Z,t, and the linking impedance Zy jny
result in the total current Ity T, which is measured and fed back to the simulation using
an ideal current source. After converting the current source into a voltage source on the
simulation side, the control circuit in Figure 12 is obtained.

Figure 11. Equivalent circuit of C-PCD IA.

Amplifier
Vsim, i Irs »{ P Irts Lt
4’.—.7 n Gsim Gra 4’{ Grur }»
V ain
¢ Delay
e—STd
DRTS HuT

Figure 12. Block diagram of C-PCD IA.

The impedances of both the simulation and the HuT are determined according to
(14) and (15). The transfer functions of the C-PCD control loop are defined as follows:

1
Z1ink T Zsim
Z1inkZHuT (19)
Ziink + ZruT) ZHuT

GGain = ZLink, Gsim = (18)

GHutr = (

Whereas the C-PCD open loop transfer function Go cpcp is calculated according to
(16), the closed loop transfer function with positive feedback is defined as follows:

Gsim Gpra GHuT (20)

G =
C,CPCD 1_ GO,CPCD

Figure 13 shows that a small linking impedance Zy ;,, has a positive effect on stability.
However, this reduces the accuracy. For an infinite Zj ;,,, the control loop is theoretically
unstable. In practice, parasitic effects such as measurement noise and numerical errors can
also cause the control loop to become unstable for finite Zj ;.

Zvink = Ryur - 100 Zyink = Rt - 10|

e | i |
1

-1 -0.5 0 0.5 1
Real

Figure 13. Influence of the linking impedance on the GM of the C-PCD, at Ty =5 ps and ZgjyT = Zsim;
see (14) and (15).
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3. Smith Predictor
3.1. Compensated Voltage-Type ITM

To compensate system time delay, ref. [29] shows that an expression must be found
that includes the estimated open loop transfer function without time delay G(’S and the
estimated total time delay T, which is summarized and shifted to the feedback path for
simplified calculation. For V-ITM, the closed loop transfer function without time delay G¢.
with SP is obtained as

Gevimm = - o pr* —7 (21)
1+ Govmme ¢ + Go vimm (1 —e d)

The equation for the SP can be transformed into a block diagram and integrated into
the V-ITM, resulting in the control circuit depicted in Figure 14. If the estimated open loop
transfer function, consisting of Gpa, Gsim, and Gpyr, is ideal, the closed loop equation can
be simplified:

G
Geyvirm = —a (22)
' 14+ Goyirm

In this SP approaches, the time delay is mathematically completely compensated,
as the corresponding terms cancel each other out completely for an ideal SP model.

Smith-Predictor
VSimV/\VRTS ~ | GP»\ VHuT .
Vz
Hardware
e,g]‘d - I[’Iu'l‘ GHuT
DRTS HuT

Figure 14. Block diagram of compensated V-ITM IA.

With the ideal estimated model, an impedance ratio of 1.2, and complete compensation
of the time delay, the Nyquist curve of the open loop system is illustrated in Figure 15.

For different time delays and an impedance ratio of 1, this results in a GM rounded to
3.0, as shown in Table 1.

|—Ta =0 ——Ty = 1ps with SP —— Ty = 5 s with SP|
1tcm: 1‘.,1 4
GM: 3.16 —

w0 0.5 LGV 27 il - |

s S —
EI 0F + i
—-0.5¢ g
1L i

-1 -0.5 0 0.5 1 1.5
Real

Figure 15. Time delay compensation by the SP at the V-ITM increases GM, with Zg;;,, =1.2- Zgy,1; see
(3) and (4) (cf. Figure 4).
3.2. Compensated Current-Type ITM

As with the V-ITM, the estimation of the open loop transfer function and the time
delay must be known for complete compensation. The following mathematical expression
is derived for the closed loop:



Energies 2025, 18, 3773

10 of 19

Gpa Gsim (23)
1+ Goemme ™ + G5 crmm (1 e Td)

The block diagram of the SP is illustrated in the left diagram in Figure 16. The closed
loop with ideal time delay compensation is defined as

* _
Geormm =

Geormm = =
' 1+ G5 crrm

The rounded GM of the compensated open loop with SP is 3.0 for an impedance ratio
of 1, as shown in Table 1.

Table 1. Theoretical GMs at different time delays for ITM and PCD with and without SP. For PCD an
LPF is added in the SP (marked as *).

Zsim = Zpur = $620 uH + 2218 Q) | Zpjni,vpep = Rsim/50 | Zyink,cpcp = 50 Rsim  * f,LpF = 6 kHz

Tyinps  V-ITM/C-ITM V'valzglcs'i,TM V-PCD V'Pgll? :"ith C-PCD C'P(S:I? *With
5 1.1199 2.9692 1.0404 1.0404 1.0404 1.0404
50 1.0018 2.9994 1.0105 1.0404 1.0521 1.0404
70 1.0009 2.9997 1.0095 1.0404 1.0465 1.0404
100 1.0005 2.9999 1.0106 1.0404 1.0435 1.0404
- \4 B N Y
e o ézk),ITM eﬂﬁl Grpr Go.pep

Figure 16. Block diagram of SP for ITM (left) and PCD (right).

3.3. Compensated Voltage-Type PCD

Theoretically, the control loop of the V-PCD can only become unstable if Zy ;,, equals
zero. A complete compensation of time delay eliminates the destructive interference and
thus the resulting attenuation and phase shift. Due to the positive sum in the control
loop, the SP transfer function must be derived in a modified way. The closed loop transfer
function is defined as

Gpa Gsim GHuT (25)

_G* _o—sTq) _ G —s T
1 GO,VPCD(1 € d) Govpepe e

* —
GC,VPCD -

In practice, effects such as measurement noise and numerical errors can lead to in-
stability when Zj i, is small. If the time delay is completely compensated by the SP, i.e.,
two sample times, the control loop can become unstable due to the effects mentioned or
due to a minimal difference in the estimated model. This effect can be also observed when
using the SP, since the SP does not significantly increase the GM, as can be concluded from
Table 1. Therefore, the aim is to completely compensate the time delay, while maintaining
sufficient attenuation at low Z ;. in order to be able to keep the system stable. Therefore,
a filtered SP is derived, which provides additional damping through an added first-order
LPF. The block diagram of the filtered SP is illustrated in the right of Figure 16. The transfer
function of the compensated closed loop is defined as follows:
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_ Gra GSiijHuT (26)
1= Go ypep (GLPF - FsTd) — Goypepe T

The integrated LPF reduces the dynamics and bandwidth depending on the cut-off

* —
GC,VPCD -

frequency f.1pr, which should therefore be selected as high as possible and be adapted
to the setup. With an ideal estimated model, integrated LPF and complete time delay
compensation, the following closed loop transfer function is achieved:

Gpa Gsim GHuT 27)

* —
GC,VPCD “1_c G
O,vPCD “LPF

The significance and influence of the LPF for positive feedback IAs are explained using
a clear example, which also makes practical design easier.

The following stability limit results for the Nyquist stability analysis with SP and
integrated LPF:

—~* —~ % —sT, * —sT, _
| = GovpepGLpE + Goypepe ™ ¢ — Goypepe” T4 | =1 (28)
\_v_/
Go,vpcD

For this example, the estimated model of the SP assumed to be ideal:
Gopepe T = Goypepe ™ ™ (29)

If Z1ink is also negligibly small, the following stability limit results:

Zsim ZiuT 1

5 2 1
ZSlmZHuT zﬂfc,LPFs +1

| — Go,vpcpGLee| = =1 (30)

GLPF

The example shows that, in addition to the value of Zy;,y, stability can also be de-
termined by selecting the LPF cut-off frequency. The idea behind the filtered SP is to
compensate the negative characteristics of attenuation and phase shift caused by the time
delay while increasing stability, whereby a smaller attenuation and phase shift caused by
the LPF must be accepted. In addition to the theoretical design of the LPF cut-off frequency,
it must be tuned in the PHIL setup, as parasitic effects are present in practice.

3.4. Compensated Current-Type PCD

The positive feedback of the control circuit means that the LPF also must be added in
the C-PCD and the approach is equivalent to the approaches for the V-PCD. The closed
loop transfer function is defined as follows:

Gpa Gsim GHuT (31)

* —_—
Geepep = = 7 5 7
1= Gocpep (GLPF —e d) — Go,cpepe ¢

The following compensated closed loop transfer function results from the ideal esti-
mated model, where the time delay is completely compensated:

GE crep = GPéGSimGHuT (32)
’ 1= Gg cpepOLpF
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In the right block diagram of Figure 16, the SP for C-PCD is depicted. The GM of the
open loop with and without compensation by the SP is listed in Table 1.

4. Simulation Results

To simulate the time delay compensation with the SP, MATLAB/Simulink is used.
The transfer functions of the SP are discretized with the Tustin approximation and rep-
resented as a rational linear time-invariant (LTI) function in the z-domain. This allows
changing the parameters of the SP in real-time and adjusting the estimated model at each
discrete time step.

4.1. Negative Feedback: ITM

The behavior of the SP is analyzed in a simulation. Figure 17 illustrates the HuT
current using the C-ITM, when a noise source is added at time t = 15ms for a control
loop operated at the stability limit. It can be observed that the control loop oscillates and
becomes unstable without SP. In this state, the current oscillates at high frequencies with
an increasing amplitude, ultimately saturating the entire figure. This unstable condition
prevents safe PHIL operation and poses a risk to the HuT. With the SP, the control loop
remains stable due to the established GM. The behavior with and without SP can be
effectively compared for the V-ITM due to the negative feedback at the controller input
and two other factors: Firstly, the system time delay is identical. Secondly, the V-ITM open
loop transfer function is the same, except for a reciprocal impedance ratio, assuming the
behavior of the PA is identical. For the V-ITM and inductive HuT, the current change is
limited by the integrating behavior, which can have a positive effect on stability in practice.
The results are shown in Table 1.

3

IHuT without SP IHuT with SP

S =
T

Zsim = ZHu1

Torrs =25 s
3 I I

UO 5 10 15 20 25 30 35 40
Time in ms

Current in p.u.

Figure 17. Simulation: C-ITM with activated disturbance factor = 1.1 at t=15ms; see (8) and (9).

4.2. Positive Feedback: PCD

When the time delay is completely compensated by the SP, the result in the simulation
for V-PCD as well as for C-PCD is an output signal without destructive interference, and thus
without attenuation and phase shift, as shown in Figure 9 for V-PCD. Figure 18 shows a
V-PCD control loop with damped SP, with f.;pr = 6kHz. Att = 15ms, the filtered SP is
deactivated. The results show that the phase shift increases by 9.53° and the attenuation of the
output signal increases by 5% without filtered SP (5.2% and 9.44° for C-PCD).

‘_VSim —— Viur, Ta = O ps Viur, Ta = 50 MS‘

Mag: 0.46
Phase: 22.34°

Voltage in p.u.

Time in ms

Figure 18. Simulation: Increase in phase shift and attenuation after deactivating compensated SP
(fe,Lpr =6kHz) at t=15ms at V-PCD; see (14) and (15).
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5. Experimental Results

To validate the functionality of the SP in the laboratory, the experimental circuit
topology and hardware shown in Figures 19 and 20 are used. The presented setup can be
implemented independently of specific DRTS and PA manufacturers. For the PCD IAs,
a coupling impedance Zj ;. is also required. The time delay of the continuous system is
4-6 ps, which is faster than the minimum used sample time Tpgrrg of 25 ps. Therefore,
the maximum time delays according to (2) can be assumed for the SP.

ZHuT
i
N

Figure 19. Photograph of the experimental PHIL laboratory setup.

DRTS | Linear PA | Zuincvrop HuT
OPAL-RT S“P‘])i]“‘_ ¢ APS iOOO R = 22.18 Q
OP4510 o ‘b | Spitzenberger | Zucreo
RT-Lab ' & Spies Lir = 620 uH
Feedback Gpa Grur

Figure 20. Experimental circuit topology (Gpa, compare (5)).

5.1. Negative Feedback: ITM

Figure 21 shows a C-ITM setup with SP, amplified by a disturbance factor of 1.1, where
the HuT impedance is provided in Figure 20. At t = 15ms, the SP is deactivated and the
current oscillates. The system becomes unstable and has to be switched off. In this unstable
state, the 50 Hz fundamental frequency is superimposed by high-frequency components.

To characterise the unstable state of the PHIL setup, the total harmonic distortion
(THD) is calculated. A THD of 5% is defined as an appropriate threshold for a stable
condition, as already shown in [13,19]. Figure 22 shows the stability limit for a C-ITM setup.
Without SP the unstable state occurs at a impedance ratio of 1.1. When the SP is activated,
the maximum permissible impedance ratio increases to 2.96. Factors such as deviations
in the estimated SP model, measurement inaccuracies and numerical errors can influence
the result.

The estimated impedance of the HuT (Rupyr and Lyg,t) is calculated in real-time by
measuring the HuT voltage, the HuT current, and the phase shift between these 50 Hz
values. Based on these measurements, the SP model can be dynamically adapted in
real-time. This results in the GM remaining almost constant, as also shown in Figure 22.
The slight increase in the THD with the impedance ratio is due to the resulting reduction in
the amplitude of the HuT current and a constant noise signal. In theory, with an ideal SP
model and no noise, the GM would be constant at a value rounded to 3.0. The measurement
results and improvements of the V-ITM are well comparable with the C-ITM results.

In [31] a robust online method for characterizing the HuT’s frequency behavior for
the SP model is presented, based on harmonic injection and discrete rational transfer
function modeling. The frequency response is fitted using a differential evolution optimiza-
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tion algorithm, which offers resilience against measurement noise, incomplete datasets,
and non-linearities in the z-domain. To demonstrate the effectiveness, a passive solar
inverter and an R-L-C series connection are used as HuT. Additionally, the real-time ca-
pable technique for estimating the linearized 50 Hz impedance is demonstrated using a
grid-feeding solar inverter.

.3 ; .

=}

@ s

=] 1 |

= .

= ,

st -1+ I

5 |z |

O _3 Sim = II‘uT | | | | | |

0 5 10 15 20 25 30 35 40

Time in ms

Figure 21. Experiment: Unstable C-ITM with disturbance factor = 1.1 and deactivated SP at t=15ms
(TorTs =25 1s); see (8) and (9) (cf. Figure 17).

6 T T : i . ‘
3 B oWithout SP |- e
g4 AWith SP . |
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Figure 22. Experiment: C-ITM stability limits with increasing impedance ratio (Tprrs =25 pis), which
means Zy,7 = Gain - Zgi,, (see (8) and (9)).

5.2. Positive Feedback: PCD

Figure 23 shows the influence of the SP on the phase shift and attenuation at different
sample times. The influence of the filtered SP increases with increasing sample time, since
destructive interference without SP also rises with increasing sample time. The cut-off
frequency of the SP LPF is adjusted to the different sample times, varying between 4 kHz
and 8 kHz, and causes a deviation from the ideal signal due to the damping behavior of the
LPF. At a sample time of 100 ps and an LPF cut-off frequency of 4 kHz, the SP reduces the
phase shift by 21.17° and the attenuation by 24.3%.

————— Ideal Meas. —<—Sim Meas. with SP
- - —Ideal Meas. Sim Meas. with SP

&
VHnT / VSim

Phase shift op in °©

0 25 35 50 75 100
DRTS sample time in ps

Figure 23. Experiment: Attenuation and phase shift between Vv and Vg, at V-PCD
(ZLink = Rsim/50 and Zgiy, = Ziyut); see (14) and (15).

In practice, the linking impedance Z;;,, for V-PCD should be chosen as small as
possible to minimize losses and to ensure high accuracy, while maintaining a stable system.
Figure 24 illustrates the reduction in phase shift on the left y-axis with SP at a sample time
of 50 ps and an LPF cut-off frequency of 6 kHz. The phase shift with SP is significantly
reduced, especially at low ratios of Zy j,i to Zgim,. The right y-axis in Figure 24 illustrates the
phase shift reduction with SP at different sample times and adjusted LPF cut-off frequencies.
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The reduction in phase shift is more pronounced at lower impedance ratios and increases
with higher sample times. Note that the cutoff frequency must be selected based on
the sample time and the specific setup. Therefore, in addition to the theoretical design,
practical adjustments are made during the experimental setup, starting with a lower cut-off
frequency and considering the observed system behavior and prevailing noise level.

Figure 25 demonstrates the impact of cut-off frequency on phase shift and attenuation
with a fixed sample time of 50 ps. With a cut-off frequency of 3.2 kHz, the SP significantly
reduces both phase shift and attenuation compared to a setup without SP. To minimize
phase shift and attenuation with SP, a high cut-off frequency must be chosen. However, it
should still be small enough to maintain sufficient GM and ensure stable system operation.
A cut-off frequency of 6 kHz works well in this example. Beyond 6 kHz, instability occurs,
evident by the increase in output voltage amplitude beyond the theoretical maximum.
The measurement results and enhancements of the C-PCD are highly comparable to those
of the V-PCD.

40 w »o
—— Without SP 1602
Og [/ ——— With SP and LPF :
; 30 | - TDRTS =100 HS, fc,LPF = 4kHz ;
P -~~~ Tpgrs = 50 us, ferpr = 6kHz |- 40 g
& 90 Torrs = 35 us, ferpr = 6kHz g
'Q —
s &
% 120 g
& 10 -
- 2
0 1 1 1 1 () :"‘
0.01 0.2 0.4 0.6 0.8 1

RLink / RSim

Figure 24. Experiment: V-PCD phase shift between Vit and Vs, (left y-axis) and phase shift
reduction for different time delays with SP (right y-axis) (Zgim = ZpyT, see (14) and (15)).
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Figure 25. Experiment: V-PCD phase shift and attenuation between Vi, 1 and Vg, (Tprrs =50 ps) at
different LPF cut-off frequencies, with Zg;,, = Zpyyt and Zp j,x = Rsim /50; see (14) and (15).

5.3. Influence of SP Model Deviation

In practical SP approaches, a perfect SP model in the DRTS and a constant HuT
impedance are not possible. There are several reasons for this: Firstly, the precise real-time
determination of the HuT impedance is infeasible, as it is subject to variations depending
on the operating point and additional factors such as temperature. Secondly, in cases
of nonlinear HuT behavior, the impedance may change abruptly. Thirdly, the DRTS
approximates the differential equations in discrete increments at defined time steps, so
all transfer functions used in the simulation are Tustin-discretized and implemented as
rational LTI transfer functions. These differences between the discrete SP model and real
impedances cause additional deviations. If all these points are considered, stable PHIL
operation should be possible within certain limits even if the estimated HuT impedance of
the SP is not ideal or if the real HuT impedance changes abruptly.
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To investigate the influence of an inaccurate SP model on system stability, the estimated
HuT impedance Zrut f the SP model is varied in the first scenario, while the actual HuT
impedance Zp,t remains constant. The limits of modeling inaccuracies that still allow
stable operation are illustrated in Figure 26. The unstable V-ITM IA configuration with
Zsim =2 - Zpyr is stabilized by the SP. However, if the ratio of inaccuracy exceeds a value
of 11 in the experiment, the system begins to run unstably (THD > 5%). Stable operation is
preserved for ratios down to 0.01. In theory, the V-ITM IA open loop transfer function with
SP and without PA, derived from (21), reaches its Nyquist stability limit at a ratio of four:

with Zgim =2 Zpar  and  Zgim = 2 - Zput (33)

2ZHut 5Ty n 2Zmur 2 Zpur o5 T4
Zhur 4Zpur 4 ZHuT

- ‘(2 —05)eTa 105 <1 (34)

In Figure 26, an increase in THD can already be observed here and the PA further
increases the stability limit. Stability improves when the ratio between the estimated
and actual HuT impedance is smaller than one. However, the deviations cause a slight
deterioration in accuracy.

6 T T T
5LloWithSP|- - - - - Unstable state]
IS [0}
E 4 [}
o o i
B e 6 & 0 0 % Noise level _ ]
O L L L
0 1 2 3 4 5 6 7 8 9 10 11

Zstur | Zatur

Figure 26. Experiment: Influence of the deviation between estimated SP HuT impedance and real
HuT impedance at V-ITM (Tprts =25 ps), with Zgiy, =2 - Zppy,; see (3) and (4).

In the second scenario, the effect on stability is now examined when the real HuT
impedance Zp,t changes, while ZHuT remains constant. In this case, the V-ITM setup is
also operated under unstable conditions, which means Zg,, =2 - Zy, T and Zslm =2 ZHuT
The following stability condition results in a minimum factor X that constrains the maxi-
mum variation of the real Zy,r and must not be undershot. In this example, this leads to
X = 0.4. If this threshold is not undershot, the system remains stable with a constant SP
model, even in the event of a sudden impedance change, as occurs during a low-voltage
ride through or with non-linear loads.

2ZHut s Ty, 2Zuur 2 Zpur o—sTa
X Zinr Zuwr Zhur

:‘(f{ —2) eSTd+2‘ <1 (35)

6. Conclusions and Outlook

This article derives the transfer functions of the SP for V-ITM, C-ITM, V-PCD, and C-
PCD IAs and integrates them into PHIL simulations and experiments. The SP compensates
system time delay in all settings. The V-ITM and C-ITM with negative feedback bene-
fit from the SP’s ability to improve stability and accuracy. The GM could be increased
from approximately one to three. Real-time HuT impedance calculation and dynamic
SP adaptation enhance stability and maintain a nearly constant GM of approximately
three. Stable PHIL operation is also possible with a non-ideal SP model or if the HuT
impedance changes abruptly, as long as the deviation between the estimated and actual
HuT impedance remains within certain limits. In the V-PCD and C-PCD IAs, positive
feedback causes destructive interference, increasing phase shift and attenuation with time
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delay. A novel damped SP with an integrated LPF compensates time delay, reducing phase
shift and attenuation. This filtered SP enables stable, accurate operation for the V-PCD and
C-PCD IAs. The filtered SP enabled a reduction in phase shift by 21.17° and a decrease in
attenuation by 24.3% for the V-PCD IAs. Compensating time delay with SP expands the
use of cheaper DRTS systems with larger sample times by improving stability and accuracy.

Future research will focus on applying the SP approach to further grid use cases,
with the objective of analyzing the dynamic behavior of real HuT in compensated
PHIL environments.
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Abbreviations

The following abbreviations are used in this manuscript:

C- current-type

DRTS digital real-time simulator
EMT  electromagnetic transient
GM gain margin

HuT  hardware under test

IA interface algorithm

I™ ideal transformer method
LPF low-pass filter

OL optical link

PA power amplifier

PCD  partial circuit duplication
PHIL  power hardware-in-the-loop
SP Smith predictor

TLM  transmission line model
V- voltage-type
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