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Abstract—In this article, we develop a novel approach
to designing power hardware-in-the-loop (PHIL) simulation
interfaces that maximizes simulation bandwidth and accu-
racy by leveraging a modern control framework that explic-
itly considers objectives on accuracy and can automatically
synthesize an optimal controller that meets these objec-
tives while stabilizing the closed-loop system. The method
developed improves upon common approaches to PHIL
interface design that typically involve multiple design steps
for manual compensation and stabilization that can result
in interfaces that are stable but have suboptimal bandwidth
and accuracy. The approach developed is general and can
be applied to most PHIL system configurations. The mod-
eling framework allows for the inclusion of scaling factors
and hardware-under-test current injection models that are
common to practical PHIL simulations and have significant
impacts on stability. We also present practical methods
and metrics for verifying the absolute accuracy of PHIL
simulation results without relying on relative comparisons
to potentially inaccurate models or previous simulation re-
sults. We demonstrate the accuracy evaluation method and
show the improved performance achievable when using the
optimal PHIL interface design approach in an experimental
case study involving a 100-kVA battery inverter.

Index Terms—power hardware-in-the-loop (PHIL) simula-
tion, accuracy, stability, h-infinity control, optimal control

[. INTRODUCTION

ODERNIZATION of electric grids worldwide contin-

ues in earnest, with increasing deployments of dis-
tributed energy resources, flexible loads, and new control in-
frastructure. The convergence of these new technologies inher-
ently increases the complexity of the power system and main-
taining safe, reliable, and efficient operation of modern grids
relies on the successful integration of many new technologies
together. Power hardware-in-the-loop (PHIL) simulation is an

B. Lundstrom (e-mail: blake.lundstrom@nrel.gov) is with the Power
Systems Engineering Center, National Renewable Energy Labora-
tory, Golden, CO, USA and the Department of Electrical and Com-
puter Engineering, University of Minnesota, Minneapolis, MN, USA.

M.V. Salapaka is with the Department of Electrical and Com-
puter Engineering, University of Minnesota, Minneapolis, MN, USA.

This work was authored in part by the National Renewable En-
ergy Laboratory, operated by Alliance for Sustainable Energy, LLC, for
the U.S. Department of Energy (DOE) under Contract No. DE-AC36-
08G028308. Funding provided by the Advanced Research Projects
Agency-Energy (ARPA-E) under grant no. DE-AR0001016. The views
expressed in the article do not necessarily represent the views of
the DOE or the U.S. Government. The U.S. Government retains and
the publisher, by accepting the article for publication, acknowledges
that the U.S. Government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form of this
work, or allow others to do so, for U.S. Government purposes.

important tool for derisking modern grid technologies in a
controlled laboratory setting in which actual at-power devices
and systems are interconnected in software simulations of
complex, large-scale power system scenarios. Using PHIL,
the closed-loop interaction between the hardware under test
(HUT) and the simulated power system can be evaluated under
a variety of grid configurations and repeatable operational
scenarios without the expense or risk of a field deployment.
However, for PHIL simulation results to be representative of
expected real-world operations, the power interface between
the simulated system and the HUT must be carefully imple-
mented to ensure stable and accurate closed-loop simulation.
In the PHIL literature, significant attention is paid to design-
ing solutions that focus on the stability of the PHIL simulation
as stability is a necessary condition. Common approaches
include augmenting the underlying interface algorithm (see
[1]-[3]) used to connect the simulated model to the HUT
to enhance stability by adding series inductance to the HUT
[4]; moving a portion of the simulated system’s impedance
to the HUT [5]; adding low-pass feedback current filtering
(FCF) [4], [6], [7]; including parallel high-pass filtering [8] or
virtual impedance [9] at the power interface; using impedance
matching [10]-[12]; or employing multirate partitioning [13].
When designing stable PHIL simulation interfaces, often the
implications of a design on the PHIL simulation’s accuracy
are not fully considered. For example, early designs of the
FCF technique (e.g., [6]) demonstrated its ability to improve
stability, but results showed significant phase lag. Even a
seemingly small phase lag can result in significant error
between measured HUT power and the corresponding power
injected in the PHIL simulation. For example, three PHIL
simulation studies [14]-[16] considering active devices as
HUT and applying FCF reported errors of 10%—40% in active
and reactive power before further compensation. Similarly,
many of the stability enhancement approaches listed above add
phase lag to the closed-loop simulation, which can result in
significant errors and diminish the value of such simulations.
It is critical to stabilize PHIL simulations, but PHIL interfaces
must be carefully designed and implemented while explicitly
considering accuracy to ensure useful and valid results.
Another potential detriment to achieving accurate PHIL sim-
ulations is that many interface designs use simplified modeling
assumptions such as considering an idealized power amplifier
with no dynamics (e.g., [17], [18]) or neglecting the dynamics
and delay of the feedback current sensor (e.g., [9], [14], [19]).
Failing to model these impacts on the closed-loop system’s
dynamics can lead to a blunt interface design approach in
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Fig. 1. PHIL simulation configuration (per phase) for an experiment evaluating a three-phase, four-quadrant, 100-kVA battery inverter system (the
HUT) interconnected at various points (with source impedances Z; ;min, Zs,mid,» and Zs maz) in a simulated electric distribution network. This
configuration uses the V-ITM interface algorithm to independently interconnect each phase of a real-time simulated power distribution network
(represented by a Thévenin equivalent model) with the HUT through the power interface. For the forward voltage path, the reference voltage, v}, at
the point of interconnection in the simulated power system model is used to provide a physical reference signal, ¢}, to the power amplifier in order
to achieve output voltage, v,, at the terminals of the HUT. A measurement of this output voltage, 9, is used as feedback to the forward voltage path
compensator. The HUT responds to the voltage at its terminals and its measured current response, ¢}, is measured as :}; and used as a reference
for the current injection, 4., into the simulation. Quantities v*, 9., i, and, 2* are recorded at the RTS and used for accuracy evaluation.

which stabilizing solutions are overapplied, resulting in lower
bandwidth and less accurate results. For example, [15] identi-
fied instability in a PHIL experiment that occurred because of
resonance between the HUT and the power amplifier’s output
filter at a particular frequency. In this example, stability can be
achieved by applying low-pass FCF with a cutoff frequency
below the resonant frequency; however, the filter will need-
lessly limit the bandwidth of the measured current and will
add phase delay, which will also need to be compensated.
Instead, by fully modeling the PHIL interface, more precise
stabilization approaches that preserve simulation bandwidth
and accuracy can be designed. In [15], the authors employed
a manual, multi-step design process to address the specific
resonance condition and compensate for the phase delay to
correct the power mismatch. Instead, we propose using a
systematic approach to include all interface component models
and then synthesizing (instead of manually designing) a single,
optimal controller that stabilizes the closed-loop system while
maintaining optimum simulation bandwidth and accuracy.
Many PHIL interface solutions employ the widely used
voltage divider circuit consisting of a simulated impedance in
series with another passive impedance as the HUT (e.g., see
[2], [6], [8], [11], [12], [18]-[28]) for a design case study.
However, with this model, two important aspects of many
practical PHIL simulations are ignored: 1) many HUT are ac-
tive devices that inject (or sink) current without changing their
nominally connected impedance (i.e., the feedback current is
not simply a linear function of the voltage), and 2) scaling
factors are often used to amplify the HUT feedback current to
represent a larger device in the simulated system. Both aspects
can have significant impacts on PHIL simulation stability and
accuracy. In the design approach developed in this article, we
leverage a more general modeling framework that explicitly
incorporates active devices and scaling factors and is thus
applicable to a wider range of practical PHIL configurations.
Beyond the PHIL interface design stage, rigorous accuracy
validation of final PHIL simulation results is often omitted.
References [4], [5], [19], [22], [28] make helpful contributions
in modeling PHIL simulation accuracy; however, the common
approaches they employ—including predicting accuracy only
for the modeled system, but not for actual results (e.g., [19],
[22]); evaluating accuracy as a comparison between PHIL

simulation and modeled results (e.g., [28]); or considering
experiment accuracy only on a relative basis among multi-
ple experiments (e.g., [4], [26])—limit their practical use in
quantifying how accurate an individual PHIL simulation result
is. Many of these approaches rely on an implicit assumption
that models are accurate, but in many cases accurate models
of the HUT and possibly other PHIL interface components are
not available. Also, many studies only compare between the
modeled interconnection point voltage and the voltage at the
HUT’s terminals (e.g., [S], [19], [22], [28]). Such evaluations
do not provide a complete assessment of closed-loop system
accuracy because they consider only the accuracy of the
forward path from the simulated model to the power amplifier
and ignore common inaccuracies in the feedback path, such
as phase shift. For example, it is possible to design a voltage
ideal transformer model (V-ITM) algorithm-based interface
where the HUT voltage perfectly tracks the model’s reference
but still has feedback current with significant phase lag,
resulting in power tracking error. In this article, we propose a
method and metrics to evaluate closed-loop PHIL simulation
accuracy that are easily applied to actual experiments, do not
rely on accurate models for comparison, and give practical
quantification of closed-loop performance.
We now summarize the main contributions of this work:

1) We develop a general approach to designing PHIL in-
terfaces that explicitly considers objectives on accuracy
and enables the synthesis of an optimal controller that
stabilizes the closed-loop system while maintaining opti-
mum simulation bandwidth and accuracy. The modeling
framework includes practical scaling factors and HUT
current injection models.

We present a practical method and metrics for verifying
the accuracy of PHIL simulation results that are easily
applied to actual experiments. The method evaluates the
performance of the entire closed-loop system and uses
simple metrics to quantify absolute PHIL simulation
accuracy in terms that can also be used to benchmark
results against other experiments.

We demonstrate the process of applying the PHIL in-
terface design approach and verifying the accuracy of
PHIL simulation results in a real-world PHIL simulation
case study involving a 100-kVA battery inverter system

2)

3)
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integrated with a simulated electric distribution system.
We examine multiple system interconnection scenarios
and HUT operating points to validate the performance of
the designed PHIL interface.

The article is organized as follows: The optimal PHIL interface
design approach is presented in Section II, followed by the
accuracy evaluation method in Section III. These methods are
applied in a practical case study in Section IV, and Section V
concludes.

II. OPTIMAL PHIL INTERFACE DESIGN AND ANALYSIS

A. Overview

The overall approach employed here is to model the full
closed-loop PHIL system and then to apply H., optimal
control theory to design a single controller that stabilizes
and compensates the entire closed-loop system. The V-ITM
interface algorithm with both voltage and current feedback to
the controller is used. Relative to most V-ITM interfaces in
the literature, this approach does require an additional voltage
sensor; however, the use of both voltage and current sensors is
common with other popular interface algorithms such as the
damping impedance method (DIM) [11], [12] and the superior
performance achieved justifies the modest cost of adding a
voltage sensor, which, as will be shown, is also critical for
quantifying accuracy. The V-ITM interface algorithm is used
versus other interface algorithms in the literature (see [3]) as
it is one of the simplest to implement and, here, the designed
controller ensures stability and accuracy across a wide range of
operating conditions. Reference [12] demonstrates an approach
to enhance the stability of the traditional DIM by continuously
measuring and matching the HUT impedance; however, the
approach requires a complex signal processing method, which
is sensitive to uncertainty and can be slow to compute (110 ms
is established), limiting the achievable simulation timescales.
In contrast, our feedback control-based approach accrues ro-
bustness where uncertainties in modeling can be tolerated
and the approach can be easily applied (e.g., using a transfer
function) at all simulation timescales (50 s is verified). Thus,
even though the optimal PHIL interface is synthesized based
on a fixed model of the plant, when parameters in the plant
vary, it still performs well, as demonstrated in Section IV-E.

In the remainder of this section, we detail how to apply the
proposed interface design approach at key steps in the process
of designing and implementing a stable and accurate PHIL
simulation. The reader is referred to other key references [1],
[29] and the forthcoming IEEE P2004 Recommended Practice
[30] for more comprehensive discussions of other important
steps for successful PHIL simulation implementation.

B. System Modeling and Key Nomenclature

For effective interface design and analysis, all components
of the PHIL simulation configuration shown in Fig. 1 must be
modeled judiciously, keeping in view the system’s closed-loop
performance. Here, we model the PHIL simulation configura-
tion in the continuous-time domain using the V-ITM interface
algorithm and the transfer function block diagram shown in
Fig. 2(a). The continuous-time domain is most convenient
for design, initial stability analysis, and optimal controller
synthesis, though the final PHIL simulation implementation

will involve a hybrid model with a discrete-time simulation
coupled to a continuous-time physical system. For three-
phase power system configurations, such as that presented in
the case study, each phase is modeled separately using the
block diagram in Fig. 2(a). The block diagram used here
is based on the comprehensive PHIL experiment modeling
block diagram presented in our previous work [31]. The PHIL
system model is general in that 1) the HUT is represented
as a current injection (modeled as a disturbance) in parallel
with an impedance rather than a single passive impedance, and
2) voltage and current scaling factors between the simulated
model and the physical HUT are explicitly included. These
factors considerably affect the stability and accuracy of the
closed-loop simulation, and must be included for comprehen-
sive design and analysis.

In Fig. 2(a), V5 and Z, are the voltage reference and
impedance for a Thévenin equivalent circuit representing the
point of interconnection in the PHIL model, ~, is the voltage
scaling factor, K, is the compensator for the voltage path,
Kyy is the feed-forward gain for the voltage forward path
(designed in Section II-C5), G4, is a transfer function rep-
resenting the digital-to-analog (D/A) conversion delay, 0 is
the output voltage physical reference signal, G, is the power
amplifier’s transfer function, Z,, is the output impedance of
the power amplifier, Y}, is the output admittance of the HUT,
Ipue is the current injection from the HUT, H, , and H,;
are transfer functions representing the voltage and current
sensors, respectively, U, is the measured output voltage, EZ
is the measured HUT current, H,4. is a transfer function
representing the analog-to-digital (A/D) conversion delay, H y,
is a compensator for the current feedback path, and ~; is
the current scaling factor. Here, Z,, is explicitly modeled as
many power amplifiers (e.g., all switched-mode type) have
an output filter that interacts with the HUT and causes a
voltage drop/rise. Z,, = 0 can be used for power amplifiers
without such a filter. Our previous work [31] provides a guide
on how to identify transfer functions for each component.
We summarize the specific models and parameters used in
Table IV and proceed to discuss general interface design with
each element represented as labeled in Fig. 2(a).

C. PHIL Interface Design

1) Objectives: For a stable and accurate PHIL simulation of
the configuration shown in Fig. 2(a), the following objectives
should be met:

o O1. Stability: The closed-loop PHIL system must be

internally stable.

e 02. Forward path voltage tracking: v, — v}. The
voltage at the terminals of the HUT, v,, should track
the voltage at the point of interconnection in the PHIL
model (after voltage scaling), v}.

e 03. Feedback path current tracking: i, — 7. The
current injected into the PHIL simulation (before current
scaling), %,, should track the measured current at the
terminals of the HUT, <.

2) Approach: In the block diagram in Fig. 2(a), K, and

Hyy, are the two compensators to be designed to achieve
objectives O1-03. In the modern control approach we employ,
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Fig. 2. Transfer function block diagram of the PHIL simulation in (a) comprehensive multiloop, (b) generalized plant and controller interconnection,
and (c) generalized closed-loop forms. A listing of the individual transfer function values used for the case study is given in Table IV.

it is possible to simultaneously design both by considering
them as a single multiple-input, multiple-output compensator;
however, for simplicity, and because the optimal form of H
needed to achieve objective O3 can be easily identified and
approximated, we fix the design of Hy, and then synthe-
size a stabilizing, optimal controller for K, that achieves
objectives Ol and O2. This two-step process maintains an
optimal approach while giving the flexibility to independently
design Hy;, according to experiment-specific needs (see next
section) and subsequently employing H., optimal control
theory to synthesize the more complex K, that stabilizes
and compensates the entire closed-loop system (including the
dynamics of H ;). Measurement 9, is given as feedback to
K, and measurement %;‘; is the input to Hy,.

3) Hpyy, Compensator design: Compensator H sy, is designed
to achieve objective O3 by compensating for the delay in A/D
conversion (modeled via H,q.) and current sensor response
time and dynamics, Hy ;. It is common for current sensors used
in PHIL simulations to have a bandwidth that is significantly
greater than other key components (e.g., the power amplifier)
in the closed-loop system. Thus, the dynamics of H,; need
not be explicitly compensated for; here, we focus on the delay
portion of H, ; and the A/D conversion delay, Hq.. This total
delay results in phase lag that increases with frequency. Some
existing approaches (e.g., [14]) compensate for phase shift at
the fundamental frequency, but not for the increased phase lag
at higher frequencies, as is desired for high-accuracy PHIL
interfaces with better dynamic performance. Dynamic phase
compensation approaches based on Fourier decomposition and
reconstruction [10], [32], dq0 transformation for three-phase
systems [25], and the Smith predictor [33] have been intro-
duced. For ease of analysis and control design, we consider
the Smith predictor-based method which is linear and can be
applied on a per-phase basis. We then introduce a transfer
function fitting-based approach. Both methods, summarized
in Table I, are considered to demonstrate that the ., optimal
control approach is general and we show in Section IV-E
that the transfer function fitting-based approach has higher
performance for the experimental case study. Before designing
Hyy, it is important to consider the requirements of the PHIL
experiment; it is unrealistic to design an H g, that will com-
pensate magnitude and phase accurately at every frequency.
Thus, it is recommended that the HUT first be evaluated in an
open-loop mode and samples of 22 be analyzed to determine
the HUT feedback performance range—the specific range of

harmonic frequencies present in %3 that must be compensated.
An example of the analysis is given in Section IV.

TABLE I.
H , DYNAMIC COMPENSATION DESIGNS CONSIDERED
Design Implementation
Smith predi — Tsmith1/2)s
predictor [33] Hpp,sm = TF T mithi/2

T . /2)s (U 4TemPLS)YsmHEF
Hor . — Tsmith2 . sm 20
fb,smPL THF Tomitha/2 (stwsmHF)

(pole wsm i F is added to attain roll-off at high freq.)

Smith predictor with
additional phase
lead [33]
Transfer function
fitting method

Define length Ny, frequency response:
Wy = [wfbyl, PN ’wfb=Nfb]
Hyvrr = [Hfprr,1,- -5 Hbe‘R,Nfb]
and use transfer function estimation method such as
MATLAB’s tfest [34] to obtain an order Oy sy, transfer
function, Hyp ¢ f

4) Preparing the generalized model: In preparation for K,
compensator design, we consolidate the multiloop, closed-
loop block diagram in Fig. 2(a) into the general control
configuration commonly used in modern control theory [35]
shown in Fig. 2(b). Here, P is the generalized plant, K is
the controller (e.g., interface compensation design), w is a
vector of the exogenous inputs (e.g., commands, disturbances,
and noise), z are the exogenous outputs (e.g., signals to be
regulated), y are the controller inputs, and u are the control
signals. Note that in this continuous-time modeling framework,
all variables are functions of the Laplace variable, s, but this
is not explicitly shown for notational convenience.

For the block diagram in Fig. 2(a), the exogenous inputs
are w = [ Ve Ipus . The exogenous outputs are chosen
tobez=1[2z 2] =] (vo—v)) u ]T to emphasize
a performance target of minimizing the error between v, and
v, which must be balanced against the control effort, u. Note
that it is possible to include (i, — i) as a regulated variable
in z; however, it is not included here as it was seen that the
performance achieved was similar with the current tracking
error not explicitly included as a part of the regulated variable
z in comparison to when it is included with considerably easier
synthesis and implementation steps. We note that O3 is still
achieved by H ;. The generalized plant maps [ WU ]T to

[ z Yy ]T as follows:
21 Vo — U Py P P2 Vs
29 = u = 0 0 1 Ihut
Yy Yy Py Poio P u

We solve for each component of the generalized plant. Note
that v, can be written as:
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Vo = GZIhut + Gdu + G4V87 (l)
where
G5 = Zs")/inbHachs,iv
Gl =1+ ZpaYhut + GpaGdachf’YvGSYhuts
G2 = Gl_l [Zpa + GpaGdachf’YUG%],
Gs = GfleaGdac, and G4 = GgKff'yv.
Next, see that v} can be expressed as:
U;)k = Yo [‘/5 + G5 (Ihut - Yhutvo)] . (2)
Subtracting (2) from (1), we obtain:
Vo — Yo [Vs + G5 (Ihut - Yhutvo)]
Pi11Vs + Pii2Ihu + Prau

Vo — Uy =

where

Pi11 =G4+ 7 (Gs5YnuGa — 1),

P12 = G2 — %G5(1 — YruG2), and

Py = (1 +7,G5Yhut)Gs3.

Finally, note that y can be written as:
Yy= (U: - Hachs,vvo)- (3)

Substituting (1) and (2) into (3), we obtain:

Yy = Po11Vs + PoyoIpus + Paau

where

Geé = 10 G5Yhut + HoacHs v, Po11 = vy — GeGly,

Ps1 5 = 7,G5 — GG, and Py = —GeGa.

We can close the loop of the generalized control configuration
in Fig. 2(b) to achieve the closed-loop system, /N, that maps
w to z, as shown in Fig. 2(c); here, N = F|(P,K) =
P14+ PiaK(I— Py K) ™1 Py and Fy(P, K) is the lower linear
fractional transformation of P with K.

5) K, compensator design and synthesis: Here we describe
how to design compensator K, to achieve objectives Ol
and O2. To do so, we leverage H., optimal control, which
allows us to shape the magnitude of the system’s closed-loop
transfer function by synthesizing a controller that minimizes
user-defined H, performance objectives. Here, H ., refers to
the Hoo norm, which is simply the peak value of a transfer
function’s magnitude as a function of frequency. That is, if
f(s) is a stable scalar transfer function, then its H., norm
is || f(s)|l.o := supy|f(jw)|. With the generalized model
developed in Section II-C4, desired performance of the closed-
loop system can be targeted by choosing frequency-dependent
weights Wp and W, in the weighted, generalized plant P =
diag(Wp, W,,, I)P. This results in a weighted, generalized
plant that maps w to z = [ Z1 %o }T. To achieve objective
02, we select a frequency-dependent performance weight,
Wp, resulting in the variable z; = Wpz; = Wp(v, — v})
to be regulated, allowing us to place frequency-dependent
performance objectives on the closed-loop voltage tracking
error transfer function.

The best selections for weights Wp and W,, are dependent
on the PHIL system configuration (specific examples are given
in the case study); for most PHIL simulations Wp is designed
to emphasize performance at the nominal frequency, wg, with
high gain at that frequency and W, is designed to limit control
effort to the bandwidth of the power interface using a high-
pass filter. The feedforward gain, Ky, improves the overall
bandwidth of the compensator’s forward voltage path. A candi-
date Ky that can be targeted is the inverse of the plant where
there is no feedback (see [35]); however, the inverse may be

non-causal, unstable, and sensitive to even slight variations in
the model being inverted. When used in parallel with K, to
improve voltage path compensation response time, choosing
Ky to be the inverse of the plant’s frequency response at wg
(ie., Ky = 1/|P22(jw)\w:w0) is a good candidate. In practice,
this gain is typically lies between 0.5 and 1 and can be further
adjusted iteratively (i.e., adjust Ky and resynthesize K,) as
needed. Once weights are selected, the H, optimal controller
can be obtained by solving:
min  F(P,K) 4)
K stabilizing 00

This problem can be readily solved using the MATLAB Ro-
bust Control Toolbox. An algorithm for solving (4) along with
the theoretical underpinnings of this optimization problem are
given in [35]. Note that the solution to this problem provides
a stabilizing K that minimizes N = Fl(ﬁ, K) . That
is, if there is a solution, K*, to (4), it will be a controller that
stabilizes the closed-loop system; the stability of the closed-
loop system is guaranteed (thus meeting objective O1) without
relying on explicit manual iterations. The optimal controller
K* will have an order similar to the order of P, which
may be considerable. Thus, before implementation for real-
time simulation, model order reduction (e.g., see MATLAB’s
balred command) is recommended to obtain a lower order
controller prior to discretization. In practice, we have found
that a reduction down to the 15" order is sufficient and

performs well (see Fig. 5).

D. Stability Analysis

When following the design approach outlined in Section
II-C the closed-loop system is guaranteed to be stable as
long as a controller can be synthesized successfully; thus, no
additional stability verification of the continuous time closed-
loop system model is required. The authors of [17], [23],
however, suggest that it is important to also consider the effects
of sampling and numerical methods inherent in the discrete
time model on the stability of the final implementation. A
good method to verify closed-loop stability with the discrete
time model is to discretize (using the bilinear transform is
recommended) K, and Hy;, and perform a simulation (e.g.,
in MATLAB Simulink) of the full hybrid system including
discrete time models of all software components and contin-
uous time models of the hardware components. See [36] for
further details on simulation of hybrid systems.

IIl. ACCURACY EVALUATION
A. Motivation and Overview

Here, we introduce metrics for verifying the absolute ac-
curacy of PHIL simulation results without relying on relative
comparisons to potentially inaccurate models or previous sim-
ulation results. The framework developed in this section pro-
vides a valuable means for PHIL practitioners and researchers
to easily identify the absolute accuracy of a particular sim-
ulation and compare results from two different simulations
on a common basis (i.e., benchmark results). The accuracy
metrics are defined solely in terms of measurements available
within the PHIL simulation, thereby enabling determination
of accuracy in real time during the experiment. This method
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of absolute accuracy evaluation is accomplished by evaluating
tracking objectives O2 and O3, which consider how well volt-
age and current at the HUT match voltage and current in the
PHIL model, as well as how the power injected into the real-
time software simulation (S, = v}i,) tracks the measured
power at the HUT (Sh: = vot5). Including metrics on voltage,
current, and power allows the PHIL practitioner to pinpoint,
and subsequently address, where sources of error in the
PHIL simulation configuration originate. Accuracy measures
using both time-domain and frequency-domain approaches are
introduced to comprehensively consider tracking performance
of both steady-state and instantaneous quantities across the
bandwidth of the simulation.

B. Measurement Processing and Accuracy Bandwidth

As detailed in O2 and O3, the key quantities needed for
accuracy evaluation are v, v,, 15, and ,; however, as shown
in Fig. 1, v, and ¢} exist in the physical hardware domain
while v} and 4, are part of the software domain. To determine
accuracy metrics based on v}, v,, 7, and i,, all quantities
must be obtained in the same domain. The challenge is that
A/D or D/A conversions result in a delay for conversion from
one domain to the other and must be accounted for. Here, we
obtain all measurements in the software domain as it enables
real-time accuracy evaluation. To do so, v}, 7., %, and, ijj
are recorded at the RTS (see Fig. 1) and then we account
for the delayed phase (due primarily to A/D conversion) of
U, and i:‘, to closely approximate v, and ¢;. Note that we do
not account for H,; and H, here as they generally (and
in the case study) contribute very little time delay compared
to the A/D conversion and their attenuation effects within
the PHIL simulation bandwidth are negligible. For ease of
implementation, v} and %, (natively available in the software
model) are delayed rather than advancing ¢, and Ej; (the
physical domain measurements). We summarize the variables
used in accuracy evaluation:

vl (t) = vl (kTy) = vi((k — 1)T%)
v, (t) = v, (KTs) = 6,(kTs)
i (t) = if (KTy) = i3(kTy)

io(t) = i (KT) = io((k = )T3)
where 2~ denotes the transformed version of z, T is the real-
time simulation time step, and k£ € N is the discrete-time
index. For notational convenience, we assume that the above
transformations are applied prior to calculating any metrics
and the - notation is dropped hereafter.

The PHIL simulation’s closed-loop bandwidth, BWgyg,
is another important factor that should be considered when
calculating accuracy metrics. For example, in the case study,
the HUT current (see Fig. 3) contains frequency components
above the 50" harmonic (3,000 Hz); however, when BWgy ¢
is lower than the frequency of the harmonic component (e.g.,
BWgsyg is limited by the power amplifier’s bandwidth of
1,950 Hz), the PHIL simulation is not expected to have accu-
rate tracking performance at frequencies beyond BWgy g and
will thus not provide accuracy on a high frequency component.
Therefore, for some accuracy metrics, it is useful to evalu-
ate performance at only frequencies within BWgyg, where

accurate tracking performance is expected. To do so, some
accuracy metrics will use filtered quantities, v = Hgpy,v),
Vo = Hpwvo, fz = Hgpyi?), and fo = Hgpwt,. Here, we
define Hpy, () to be a fifth-order Butterworth filter with cutoff
frequency BW gy 5. In the case study results (see Table V), we
compare the effects of using filtered and unfiltered quantities.

Steady-state metrics are calculated using a period of T, =
0.2s, or 12 ac cycles at 60 Hz. This is based on the recommen-
dations of IEEE Std. 519 [37] and strikes a balance between

measurement consistency and reporting resolution.

C. Accuracy Metrics

We introduce two sets of metrics: one set (see Table II) for
quantifying accuracy at the instantaneous waveform timescale
and another set (see Table III) on a steady-state timescale. All
metrics are demonstrated in the case study.

TABLE II.
INSTANTANEOUS WAVEFORM ERROR METRICS
Metric Definition
_ _Po(t)=05(t)
T V2-RMS(3} (1))

Instantaneous voltage tracking error:  IVTE(t)

RMS instantaneous voltage tracking error: rIVTE = RMS(IVTE)

io(t)—ig(t)
VZ-RMS (i (1))

rICTE = RMS(ICTE)

Instantaneous current tracking error:  ICTE(t) =

RMS instantaneous current tracking error:

IVTE(f) — Ssw (t) =Spae(t)

Instantaneous power tracking error: =
p s 2-RMS (3,4 (1))

RMS instantaneous power tracking error: rIPTE = RMS(IPTE)

The instantaneous waveform error metrics consider nor-
malized, absolute tracking error in the instantaneous voltage,
current, and power waveforms. When plotted, these metrics
are well-suited for identifying performance during transient
periods and for identifying sub-cycle sources of error. Calcu-
lating the root mean square (RMS) value of each metric over
T,s provides useful summary performance measures.

The steady-state error metrics provide a measure of accuracy
performance based on quantities averaged over one or more
cycles (in the case study, Tss is the period used), such as
active power. Active and reactive power tracking are com-
mon and important fundamental frequency-based measures of
accuracy. Additional frequency-domain metrics are needed to
validate the accuracy of the PHIL simulation at frequencies
beyond the fundamental. We define three such metrics using
Fourier components to consider current magnitude and phase
tracking performance at frequencies within the HUT feedback
performance range identified during the PHIL interface design
stage (see Section II-C3). These metrics are based on concepts
of Total Vector Error (TVE) defined in IEEE Std. C37.118
[38] and Total Harmonic Distortion (THD) as defined in
IEEE Std. 519 [37]. The metric Ity g, gives a percentage
error characterizing how well each m!* harmonic frequency
component of 7} is represented in 7,, normalized by the total
amount of harmonic current present. I7v g ., , provides a
summary metric for how well all harmonic frequency compo-
nents between the m!” and n'" harmonics are being tracked.

Note that 0, = Zv} — Zi, and O,y = Lv, — L3} are
the power factor angles for the software and measured HUT
quantities, respectively; Spyutnom 1S the nominal apparent
power rating of the HUT; z,,,Z¢,,, denotes the RMS

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

magnitude and phase, calculated over period T, of the m!"

harmonic frequency component of quantity x,, (used as voltage
or current here); THD(x,) is the per unit THD [37] of
calculated based on harmonic frequencies less than BWgy g
over period T; and [|Z]|, is the Euclidian norm of Z.

TABLE IlI.
STEADY-STATE ERROR METRICS
Metric: Definition

TABLE IV.
SYSTEM MODELING ELEMENTS
Element Value Modeling Basis
Ty 50 us Real-time simulation time step

Distribution feeder model, short-circuit
impedance near substation

53.3¢73 4+ 5150.3e ¢ Q

Zs,min

Distribution feeder model, short-circuit
impedance near end of three-phase trunk

Zs mazx [163.4¢ "2 + s565.4¢ 6 Q

0.480 kV
Yo 13.2kV

Scale modeled system nominal voltage to that of
physical HUT

Active power tracking error:
RMS(Ssw) cos 0w —RMS(Sp,4,4) €08 00t

Shut,nom

APTE =

Reactive power tracking error:

RPTE — RMS(Ssw)sin 951‘, —RMS(Sp ) sin 00y
hut,nom

Fundamental current angle tracking error:
FCATE = ¢i,,1 — ¢ix 1

Normalized current TVE at the single m*™ harmonic frequency:
io,mé%o,m—iz,m4¢ig,m

it -THD(i})

Itvem =

Total normalized current TVE including the range [m, n] of harmonic frequencies:

ITvEn ]—r

[ Itvem )

ITveEmmn =

IV. EXPERIMENT CASE STUDY
A. Experiment Configuration

The PHIL experiment configuration in Fig. 1 was used
to evaluate a three-phase, 100-kVA, four-quadrant inverter
with a 33-kWh Lithium-ion battery energy storage system,
interconnected at various points in an electric distribution
network. Each phase of the HUT was interconnected to the
appropriate phase of the distribution network model using an
independent version of the single-phase configuration shown
in Fig. 1. The PHIL interface for this experiment consisted of
1) a three-phase (with independent phase control), 270-kVA
Ametek RS-series power amplifier; 2) a set of three (one per
phase, connected line-neutral) LEM DVL1000 voltage trans-
ducers for output voltage measurement; and 3) a set of three
LEM LTC-600-SF current transducers for current feedback
measurement. The electric distribution feeder model used is
from a real-world system in Colorado, USA, and was ana-
lyzed to determine the interconnection impedance (determined
via short-circuit impedance values) at multiple three-phase
interconnection nodes along the length of the approximately
4-mile-long distribution feeder. An Opal RT OP5700-series
real-time simulator with a time step of 75 = 50 us was used
to execute the real-time distribution system model and three
discrete-time PHIL interface compensators.

B. System Modeling

Modeling detail for each element in the closed-loop sys-
tem is given in Table IV. Note that all time delays were
approximated by a second-order Padé approximation because
rational transfer functions are required for controller synthesis
and first-order Padé approximations can lead to modeling in-
accuracies [27]. The generalized plant was obtained following
the process outlined in Section II-C4.

C. PHIL Interface Design

1) Base case interfaces: To emphasize the benefits of the
optimal interface, we consider two base case interfaces for

(T2/12)s% —(Ts/2)s+1

Gdac =55 ——2-——— | Single time step delay for D/A conversion (as
(T3 /12)s%+(Ta/2)s+1 27?4 order Padé approx.)
Gpa me*550576 Delay and single pole filter model previously
identified in [15]
Zpa 265 + 553.2¢7°5Q Physical measurement
Yhut s%?Oe’5 S Vendor-supplied inverter wiring diagram. See
[31] for model structure derivation.
Hg ., me—sme*ﬁ Delay and single pole filter model. Delay and

bandwidth information provided on datasheet.

—6

Hg ; 7(1/2"105000)S+1 e~ sle Delay gnd §ingle pqle filter _model. Delay and
bandwidth information provided on datasheet.
Hade = Gyac Single time step delay for A/D conversion
Yi,min m% Scale 100-kVA physical inverter to represent
1-MVA inverter in simulation model
Yi,mawx m% Scale 100-kVA physical inverter to represent

5.5-MVA inverter in simulation model

comparison. The first, denoted “CVI” (compensated voltage
and feedback current filtering), is modeled on a commonly
used PHIL interfacing approach: design a simple compensator
for the forward voltage path to achieve adequate v, — v
tracking, and then, if the closed-loop system is unstable (as
was verified experimentally for this case study’s configu-
ration), apply an interface stabilization technique, such as
FCF. Here, we used a proportional-resonant controller with
Ky = kp + zaes— where k, = 0.1, k; = 200, we = 1,
< 0

and wg = 2760, and feed-forward gain, Ky = 0.7, for
the forward voltage path compensator. A first-order, low-pass
FCF, Hyy W is used. The second base case
interface, “NVC” (no voltage compensation), models the case
where no forward voltage path compensation is used (K, = 1
and Ky; = 1) and the same low-pass FCF was used. This
second interface is also commonly employed as it is one of
the simplest stable PHIL interfaces to implement.

2) Optimal (“Opt”) Interfaces: Preliminary analysis of iz
when operating the HUT in open loop at 62 kW (62% of full
power), shown in Fig. 3, revealed that the primary frequencies
present in i), were below 900 Hz. Thus, the HUT feedback
performance range is identified as 60-900 Hz and IrvEg 2 15
will be used to assess the total normalized current TVE of the
PHIL experiment. A measured (via current sensor datasheet
characterization and knowledge of T) ¢} to i, time delay of
Ty, = 52.875 s was also identified.

With this information, feedback current compensator
designs—H fy sm, Hp smpr, and Hyy, s p—were designed us-
ing the forms shown in Table I with parameters T,,;th1 =
0.265 s, Tomithe = 0.37 8, Tompr = 40e~6 S, WsmHF = 4e?
rad/s, wyp, = 2m[60,60 - 5,60 - 7,60 - 55] rad/s, ﬁbeR =
[1£1.142°,1.05£5.99°,1.1£6.6°,1.05Z — 30°], and Opypp =
2. These parameters were selected to achieve Ty, - 60H 2 -
360° = 1.1421° of phase lead at the fundamental, appropriate
phase lead (wT'y) at other selected frequencies within the
HUT feedback performance range, roll-off at high frequencies,
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and the closest fit (for Hy). The transfer function fitting
method resulted in Hyp ¢ = 0.48(s+4.59e4)(s+4836)/(s*+
1.78¢e*s + 1.07¢%). Based on the results shown in Section
IV-E1, Hyp, ¢y was selected as the final Hyy design for the
optimal PHIL interface.

Current F (60Hz) = 107.4A, THD (up to 4000 Hz)=3.96%
T T T T T T

57th harmonic
- 15th harmonic 55th harmonic 7

(900 Hz)

- o
T
I

Mag (% of Fundamental)
&
T
Il

L I i L I "
0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (Hz)

Fig. 3. Frequency content of ij; when operating the HUT in open loop at
62 kW. It can be seen that frequency content between 900-2,500 Hz is
very small and then increases again above 2,500 Hz with peaks at the
55th and 57th harmonics.

0

For the synthesis of K,, a performance weight for the
closed-loop voltage error transfer function of the form Wp =

kpc(kp + s2f§;f§iwg)(s:zif)2 was used with kpc = 12,
k’p = 06, k;, = 3000, w, = 0.01, wg = 2760, and

wipy = 2m2000. This performance weight encourages high
gain near the fundamental frequency and relatively low gain
elsewhere. Here, ky, k;, and w. adjust the proportional gain,
integral gain, and bandwidth, respectively, of the resonant peak
at wo; kpc changes the DC gain of Wp; and wy,¢ controls
the cut-off frequency for high-frequency roll-off. The input
weight is designed to limit control effort at high frequencies
and has the form W, = ;T;fsz” with ¢; = 0.01, ¢3 = 0.1,
and w, = 0.1 -2760. Here, c¢; and cy adjust the control
effort gain at high and low frequencies, respectively. The two
weighting functions used are shown in Fig. 4. The candidate
Ky based on the inverse of the plant is calculated to be
Kyr = 1/\P22(jw)|w:w0 = 0.91 and provides an initial estimate
to use. The feedforward gain K;; = 0.7 was found to work
best to achieve the desired output voltage scaling with similar
response time performance in the experiment.

Using these weights and the process outlined in Section
II-C, a K, was synthesized successfully for each of the three
candidate current feedback filters. That is, even though the
design of Hy;, changes, the same process of determining the
weighted plant (and using the same weights) and optimally
synthesizing a K, is employed. A Bode plot of the K, asso-
ciated with Hyy, 47, which is the final optimal PHIL interface
design used, is shown in Fig. 5. Note that the controller
synthesis process outputs a high-order (235" order) controller
because the minimum order obtainable will be the sum of
the orders of the plant and the weights. This is then reduced
to the 15" order controller shown in Fig. 5, which closely
replicates the original controller, for practical implementation.
K, emphasizes performance near wy = 2760 as desired, but
it also has another benefit: a notch is added to de-emphasize
performance near w = 2.0le* rad/s—the resonant frequency
of the power amplifier’s inductance and the HUT’s output
filter capacitor. This notch is added by the optimal controller
synthesis process and not because of a specific design in the
performance weight, emphasizing the benefit of the approach.

100 !

50 - bl

Magnitude (dB)

107! 10° 10’ 102 108 10* 10° 108

. . Frequency (rad/s) )

Fig. 4. Bode plot of the weighting functions used for H., synthesis

of K,. Wp is designed to emphasize performance at the nominal

frequency and W,, is designed to limit control effort to the bandwidth
of the power interface.

Synthesized K,

50 T T

0

K, (15th order) | |

-50

-100

Magnitude (dB)

-150 ! ! 1 1
200

100

0

Phase (deg)

-100

-200 Il L
10° 10

Il Il
10° 108 100
Frequency (rad/s,

)
Fig. 5. Bode plot of the synthesized K, for the final optimal PHIL
interface design, which leverages current feedback filter Hyy ;5. Ky is
originally 235t order, but is reduced to 15" order for implementation.

D. Stability Analysis

As described in Section II-D, as long as a controller can be
synthesized, the closed-loop system is guaranteed to be stable;
however, after controller model order rgduction we addition-
ally verified that the eigenvalues of Fj(P, K, 15thopder) are all
in the strict left half plane, confirming closed-loop stability.

E. Experiment Results

Over 90 PHIL simulation runs were conducted to thor-
oughly validate the performance of the two base case PHIL
interfaces (CVI and NVC) and three candidate optimal PHIL
interfaces (H ty, s> H b, smph, and H gy, 1 ¢ with associated K)
under a wide range of scenarios with varying HUT power,
HUT power scaling factor (v;), and simulated grid impedance
(Z) values. First, the relative performance of the three candi-
date optimal PHIL interfaces is examined to validate the best
design of Hyy. Next, the selected optimal PHIL interface is
compared against the two base case interfaces in 19 different
testing scenarios to demonstrate the superior performance of
the optimal interface using both steady-state and instantaneous
waveform accuracy metrics (introduced in Section III-C).

1) Identifying the best H , design for the optimal interface:
The relative performance of the three H s, designs is evaluated
by executing the same 12 PHIL simulation scenarios with the
different Hy;, designs (and their associated K,) active and
then evaluating normalized current TVE metrics Ity E 2,15
and Iryg,, for m = 2...15. These metrics quantify the
current tracking performance within the 900 Hz HUT feedback
performance range identified. It can be seen from Fig. 6 that
the Hyp ;¢ design performed the best, with less than 3.5%
TVE across all operating conditions, and is thus selected as
H gy, for the optimal (“Opt”) PHIL interface.
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(a) Total Normalized Current TVE, I7v 2 2,15, across main HUT operating points

IrvEs2s (%)
ConwAGON®©

(930) (620) (41,00 (260) (260) (4100 (620) (980 (6230 62 -30) 62 30) (62,30
HUT (Active, Reactive) Power Operating Point [kW, kVAR]
(b) Normalized Current TVE at the m*" harmonic frequency, I7v . , at HUT power operating point (93,0)

=*Hpytr * Hypsm "Hpp smPL

2

Irv ,m (%)
ch-amnawasha

2 3 4 5 6 7 8 9 10 1" 12 13 14 15
Harmonic,m

Fig. 6. Comparing the performance of the three H, designs for the
optimal PHIL interface using (a) total normalized TVE measured at 12
different HUT power operating conditions and (b) normalized current
TVE at individual harmonics at the near full power (93 kW, 0 kVAR)
HUT power operating condition.

2) Summary Steady-state Results: Table V lists summary
results from the many tests examining different combinations
of Opt/CVI/NVC PHIL interface, HUT operating power, sim-
ulated grid interconnection impedance (Z;), and scaling (the
HUT power is scaled by ~; to represent a larger capacity, Ssci,
inverter in the simulated model) that were completed. Note that
the CVI and NVC interfaces share the same current feedback
filter and so metrics based on current only will be the same
and are thus labeled CVI/NVC. The following conclusions can
be made from Table V:

1) The optimal (“Opt”) interface offers improved tracking of
all quantities (voltage, current, inst. power, active power,
reactive power) versus the other interfaces. Improvements
in instantaneous power tracking (see rIPTE), current
tracking (see rICTE and Ity g 2 15), and reactive power
tracking (see RPTE) are particularly significant (i.e.,
the Opt interface has 5-10X lower error). The excellent
tracking performance of the optimal PHIL interface (all
quantities are tracked within 1%) ensures a reliable and
accurate PHIL simulation.

2) The CVI and NVC interfaces have 3%-12% RPTE,
whereas the optimal interface RPTE is within 0.1% for
all cases. This large difference occurs because the Opt
interface precisely compensates for delay at the funda-
mental frequency, while the CVI and NVC interfaces do
not (see FCATE). The CVI and NVC interfaces also have
inferior current tracking at other frequencies, as reflected
in higher I7vE 215 and as can be observed in Fig. 8.

3) The rICTE based on the unfiltered current (rICTE-NoFilt)
is larger than the base rICTE (based on the filtered cur-
rent) because it takes into account instantaneous current
error at all frequencies, even those beyond BW,,, (such
as the 55" and 57*" harmonics in Fig. 3) which are not
significant because accurate current tracking cannot be
expected beyond the PHIL simulation bandwidth.

4) Under a wide range of conditions with varying HUT
power factor, power scaling factor (Ss.;), and simulated
grid impedance (Z,) values, high accuracy is demon-
strated and the variations in testing parameters do not lead
to much impact on performance. This confirms that the
optimal PHIL interface design is robust to varying model
conditions, performing well even though the interface was

synthesized based on a plant model with fixed Sy, Zs,
Yhut, etc. values.

3) Detailed Dynamic Results: Detailed performance results
from a 41-kW to 93-kW step change in HUT active power set
point are shown in Fig. 7 and Fig. 8 (magnified view). These
figures emphasize that the optimal interface both:

1) fully compensates for phase lag (achieves nearly zero
phase lag vs. 5+ degrees of phase lag for the CVI
case), which contributes to the significantly better reactive
power tracking demonstrated in Table V; and

2) has significantly improved current tracking performance,
both when considering current error at all frequencies
(Opt-NoFilt) and frequencies within the PHIL simulation
bandwidth (Opt). The Opt interface has nearly zero
current tracking error throughout the transition while the
CVI interface filters out many of the higher frequency
components present, resulting in higher error.

4001 Step change in
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Fig. 7. Phase A instantaneous voltage, voltage error (IVTE), current
(from the Opt vs. CVI interfaces), and current error (ICTE) throughout a
41 kW to 93 kW change in HUT active power set point, which is initiated

neart = 702.083 s.
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V. CONCLUSION

In this article, we developed a novel approach for the
optimal design of PHIL interfaces and showed how to ap-
ply a widely applicable method to a PHIL simulation case
study. We demonstrated that this optimal design approach can
simplify the process of developing high-accuracy PHIL in-
terfaces—whereas common approaches involve multiple steps
of manual compensation and stabilization design—by using
a modern control design framework, specifying performance
bounds, and then automatically synthesizing an optimal con-
troller. This considerably simplifies the design of a stabilizing
PHIL interface compensator by removing the need to iterate
over controllers and allowing explicit definition of accuracy
objectives, rather than leaving performance to subjective mea-
sures with only a posteriori evaluation possible. In the case
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TABLE V.
SUMMARY TEST RESULTS

0 Test Conditions Tracking Error Metric (%) Fund. Current
i HUT | Model Inst. Power Inst. Voltage Inst. Current Current TVE Active Power Reactive Power Angle Diff.
5| (kVA) |(MVA) rIPTE rIVTE rICTE rICTE-NoFilt ITvE,215 APTE RPTE FCATE (deg)
~ P Q [Sseit Zs [Opt CVI NVC[Opt CVI NVC[Opt CVI[ Opt CVI/NVC| Opt CVI/NVC|Opt CVI NVC[Opt CVI NVC]| Opt CVIINVC
93 0 [ 25 min|[0.38 3.37 2.13]0.65 0.70 2.78 [0.40 6.62] 2.96 7.1 2.73 25.15 0.17 0.67 1.06 [-0.02 -8.63 -12.08] -0.01 5.34
-62 0 | 2.5 min|0.40 3.38 2.15|0.65 0.68 2.78 |0.50 6.64| 4.11 7.52 1.73 33.25 0.11 0.44 0.70 [-0.01 -5.75 -8.05 | -0.01 5.34
-41 0 | 2.5 min|0.47 3.39 2.19 |0.64 0.68 2.78 |0.65 6.67| 5.72 8.34 1.75 25.81 0.07 0.35 0.55(-0.01 -3.83 -5.36 | -0.01 5.34
a, 26 0 | 2.5 min|0.61 3.42 2.26 [0.64 0.67 2.77 |0.98 6.75| 6.75 10.10 1.98 23.99 0.05 022 0.34(0.01 -240 -3.36 | -0.01 5.34
26 0| 2.5 min|0.47 343 2.230.65 0.70 2.78 [0.64 6.73| 5.53 8.38 1.25 22.15 |-0.05 -0.08 -0.15| 0.01 2.44 342 | -0.01 5.35
41 0 | 2.5 min|0.44 3.37 2.16 [0.70 0.72 2.79 |0.57 6.68 | 4.56 7.86 3.39 28.08 |[-0.08 -0.20 -0.34|0.01 3.87 542 | -0.01 5.35
62 0| 25 min|0.40 3.34 2.13 [0.68 0.73 2.79 |0.46 6.66| 3.43 7.35 3.56 25.68 |-0.12 -0.39 -0.63]0.01 5.79 8.10 | -0.01 5.34
93 0| 2.5 min|0.38 3.32 2.10|0.70 0.73 2.79 |0.40 6.64| 2.57 7.03 3.13 2931 |-0.17 -0.54 -0.88|0.01 8.65 12.11| -0.01 5.35
_ |62 30[ 25 min[0.46 4.09 3.9410.67 0.71 2.79 [0.48 6.66 3.69 741 3.49 29.56 [-0.12 -3.22 -459[-0.05 5.60 7.81 [ -0.0T 5.35
& (62 -30| 2.5 min|0.43 3.77 3.20 [0.69 0.73 2.79 [0.38 6.64| 2.51 6.99 2.27 32.17 |-0.11 2.51 3.44|0.07 597 841 | -0.01 5.35
A [-62 -30| 2.5 min 043 4.11 3.98 |0.64 0.67 2.78 |0.36 6.63| 2.90 7.12 222 35.09 0.12 330 4.71(0.05 -5.56 -7.74 | -0.01 5.35
~1-62 30| 2.5 min |0.49 3.82 3.20 |0.64 0.68 2.78 |0.54 6.65| 4.54 7.79 3.17 26.99 0.11 -2.42 -330(-0.07 -5.94 -8.36 | -0.01 5.35
77 0 125 min|0.39 336 2.13[0.65 0.69 278 [0.43 6.64] 3.34 7.25 2.49 2531 0.14 0.54 0.86 [-0.0T -7.2T -10.10] -0.01 535
3|-77 0| 3 min|0.38 3.37 2.15|0.67 0.67 2.77 |0.39 6.63| 3.28 7.24 2.03 24.95 0.14 0.62 0.97 [-0.02 -7.20 -10.08| -0.01 5.35
w|-77 0 | 48 min|0.38 3.37 2.13 [0.64 0.68 2.77 |0.45 6.63| 3.16 7.22 1.87 31.34 0.14 0.54 0.87 [-0.01 -7.20 -10.08| -0.01 5.35
=77 0 | 5.5 min|0.39 3.36 2.12 |0.64 0.69 2.78 |0.46 6.62| 3.08 7.20 1.89 26.52 0.14 0.50 0.81 |[-0.01 -7.19 -10.07| -0.01 5.35
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