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Abstract— A power hardware-in-the-loop (PHIL) facility for 

grid-linked energy storage is evaluated in this research in terms 

of communication latency, and power system model 

performance. The PHIL consists of a 240 kVA 180 kWh Siemens 

SieStorage battery energy storage system (BESS), which via a 

dSPACE real-time platform is interfaced using TCP/UDP 

Ethernet to a real-time digital simulator (RTDS). The 

communication latency has been monitored at the dSPACE and 

RTDS side, and for the ramp signal used in the loop-back test 

the average latency was only 2.32 ms, and 99.8% of the 

transitions analysed had a 2 or 3 ms latency. The RTDS was then 

demonstrated to command the BESS, and the overall time delay 

in this test was 646 ms, of which, over 50% is due to the 

communication between the dSPACE and SieStorage system. 

The Ethernet comms latency is several orders of magnitude 

smaller than the BESS response time, and so this enables the 

PHIL to be used in future studies requiring a fast system 

response, such as frequency regulation, with a high accuracy. 

The RTDS was then used to command the operation of the 

BESS, and the measured real-time data from the BESS was used 

to impose changes on a basic power system model running in 

real-time on the RTDS. 

Index Terms- distributed generation; electrical energy 

storage; power hardware-in-the-loop (PHIL); real-time digital 

simulator (RTDS); TCP/UDP socket communication. 

I. INTRODUCTION 

Nowadays, the public distribution power grid contains an 
increased penetration of renewable sources which cannot be 
dispatched according to network conditions. This means 
matching generation and load to maintain the power system 
frequency within the statutory limits, to ensure security and 
stability, is more challenging than in the past. A summary of 
major frequency disturbance events recorded since the 1970s 
is given in [1] and many of these issues resulted in blackout 
events. 

 Evaluating these frequency response mechanisms, and 
other balancing services under realistic and worst case 
scenarios, using full hardware systems (either the terrestrial 
power system or a purpose designed islanded system), is not 
possible for cost and time reasons [2], and the potential 
adverse impact on system security. Another approach is to use 
power hardware-in-the-loop (PHIL), where real hardware is 
used to provide the balancing response capability, and is 
interfaced to a simulation model of the power system. This 

method also enables safe, repeatable tests over a broad set of 
operating conditions including those that cannot be induced 
on the actual network, such as grid over and under frequency. 
The inclusion of the real hardware enables the impact of the 
control bandwidth, system latency and efficiency to be 
evaluated on the frequency response mechanism. 

 Real-time simulators are often used for assessing the 
performance of devices or parts of power systems in order to 
test physical control / protection / generation platforms in 
realistic conditions similar to real operating conditions [3-4]. 
In these tests, the physical hardware under test is located near 
the simulator, and so analogue and digital signals are often 
used to exchange information between the systems. This data 
exchange method is often impractical in a PHIL set-up to test 
aspects such as the frequency response of representative 
hardware, as the physical size, and possible environmental 
requirements of the hardware mean co-locating it with a real-
time digital simulator is not feasible. Several authors have 
investigated Ethernet-based data exchange methods, often 
using IEC 61850 [5, 6] or IEEE C37 [7, 8] protocols, due to 
their compatibility with the power system substation 
equipment being interfaced with the simulator. Two dissimilar 
simulator systems, a RTDS and an Opal-RT, located 3500 km 
apart, were interfaced using TCP/IP and UDP, with the Opal-
RT directly providing the Ethernet communication, whereas 
the RTDS exchanged data via digital signals using two 
microcontrollers which performed the Ethernet 
communication [9]. In this set-up the latency was shown to be 
0.1 s. Another example of TCP/IP Ethernet comms is in [10], 
which used two co-located RTDS systems; no latency values 
were given for this system.  

 This work describes a PHIL facility where an AC-grid 
connected commercial 240 kVA, 180 kWh battery energy 
storage system (BESS) is interfaced with a Real-Time Digital 
Simulator (RTDS) directly using TCP/UDP Ethernet comms. 
The BESS and the RTDS are located in two different 
buildings, and when the communication network path is 
considered the two systems are approximately  5.5 km apart. 
This PHIL facility allows the performance of the storage 
control algorithms to be assessed over a wide-range of 
operating conditions. 

This paper is organised as follows: Section II describes the 
PHIL facility at The University of Manchester, together with 
test data showing the latency of the TCP/UDP socket 



      

communication, Sections III and IV present the power 
network model in the RTDS, and the results from the model 
respectively, and Section V gives the conclusions. 

II. DESCRIPTION OF THE PHIL FACILITY 

Figure 1 shows an overall schematic of the PHIL facility 
hardware, together with the power and communication signal 
channels. 

 

Figure 1. Schematic of the PHIL facility. 

A. The Electrical Storage Battery System 

The BESS is a 240 kVA, 180 kWh Siemens SieStorage 
system, which uses LG Chem battery and battery management 
systems. The BESS has a modular configuration, with four 
racks of 14 series-connected, 48 V lithium-ion polymer 
battery modules, totalling 180 kWh. The battery racks are 
connected in pairs through two power converters giving a 
power rating of 240 kVA. The converters are paralleled on the 
AC side through an isolation transformer to the main power 
feed [11]. The BESS is located in a multi-purpose university 
building which consists of offices, workshop facilities, lecture 
theatres and research laboratories. 

The BESS control interface is a dSPACE real-time 
platform which can access all the measurements and 
command the power exchange between the BESS and the low-
voltage, 415 V campus power network. The BESS and the 
dSPACE platform exchange data via a Profibus connection, 
while a TCP/UDP-Ethernet connection enables real-time 
communication between the dSPACE platform (via a DS1007 
PowerPC processor board), and the RTDS where the power 
network is simulated. The Ethernet interface is developed in 
Matlab/Simulink, using blocks from the dSPACE RTI 
Ethernet Blockset. The models to be executed on the dSPACE 
system are built and compiled using Matlab/Simulink R2014a, 
and the Real-Time Interface (RTI) toolbox. The dSPACE 
HMI is implemented in ControlDesk version 5.3. The 
dSPACE controller has a 1 ms time step. 

B. The Real-Time Digital Simulator 

 The RTDS is installed in a different building to the BESS, 
and is a commercial real-time digital simulation device for 
hardware-in-the-Loop testing of power network equipment. In 
this research, one of the University’s six RTDS racks, totalling 
five PB5-core (~1.7 GHz) processors is used. The RTDS has 
a 50 µs time step. 

 The Ethernet comms between the RTDS and the dSPACE 
platform is performed using a Giga Transceiver Network 
Communication Interface (GTNETx2) card with a 5 kHz 
sample rate, and the GTNET−SKT Socket protocol emulation 
for communicating with external equipment over a local area 
network (LAN) / wide area network (WAN). The 
communication is based on Ethernet-type networking using 
IEEE 802.3 and IEEE 754 standards [12] for TCP/UDP data 

protocols. The TCP/UDP comms is set-up so that 20 four-byte 
values are exchanged in both direction, and each frame is 
formed of 80 bytes; this can be expanded in the future up to 
300. The RTDS models are built, compiled and downloaded 
to the RTDS using RSCAD version 5.005.1. 

III. COMMS SET-UP AND LATENCY RESULTS 

A loop-back test has been set-up in both the dSPACE, and 
RTDS systems to enable the accuracy, latency and stability of 
the Ethernet comms link to be assessed. The test waveforms, 
and the results are described in the remainder of this section.  

A. Loop-Back Test Model 

Three different waveforms have been used in the 
loop-back tests. The first is a uniform pulse waveform with a 
1 s repeat time. The second is a pulse-width-modulated 
(PWM) pulse train with a 5 s repeat time to enable 
unambiguous tracking of individual pulses through the 
systems. The third signal is a ramp with a duration of over 
30 s. Both the dSPACE and RTDS systems have been 
programmed to generate all three waveforms. Each signal is 
allocated to 4-bytes and sent at a rate of 1 ms from both the 
dSPACE and RTDS systems. In the loop-back test the 
received values are then mapped directly to a send value to be 
returned to the originating system. 

B.  Loop-Back Test Results 

 Two long durations tests, the first was a two-day test from 
17:52 on the 13/06/2018 to 17:08 on the 15/06/2018, and the 
second was a four-day test from 08:04 on the 18/06/2018 to 
08:08 on the 22/06/2018, have been performed to assess the 
latency on different days / times, and to demonstrate the 
stability of the Ethernet link. During both tests the dSPACE 
system performed a 10 s data capture burst at a 1 ms sample 
rate every one hour after the test was started, and a second data 
capture, again 10 s duration at a 1ms sample rate, at a different 
time within each hour. On the RTDS side intermittent 1 s data 
periods were captured, and the sample rate was 200 µs. For 
the first test a total of 169 dSPACE data capture periods were 
recorded and 38 RTDS data capture periods, and for the 
second test, 150 dSPACE data capture periods were recorded, 
and 64 RTDS data capture periods. 

Figure 2 shows results from the dSPACE loop-back test, 
where the ‘sent’ waveforms (blue) are generated in the 
dSPACE system, and passed straight through the RTDS 
system and ‘received’ by the dSPACE system (red). 
Magnified views of the uniform pulse waveforms are shown 
in the first plot, and the ramp waveforms in the second plot. 
Magnified views of the waveforms are shown in Figure 2, as 
opposed to the full 10 s data capture period to enable the detail 
to be shown. 

  

Figure 2. Magnified view of loop-back waveforms sent by the dSPACE to 

the RTDS, and received back. 

The latency of the waveforms shown in Figure 2 varies 
from 2 ms, to 4 ms; the resolution of the dSPACE 



      

measurement is 1 ms. The ramp waveforms, shown in the 
second plot in Figure 2, also shows a 4 ms delay in the ramp 
value being updated. Table 1 shows the number of transitions 
per waveform which can be used for latency calculations, and 
the average and maximum latency recorded per waveform. 
The ramp waveform has two orders of magnitude more 
transitions, and gives an average latency of 2.32 ms. 

Table 1. Average and maximum latency for a 10 s period of waveforms 

from the dSPACE data. 

Waveform Number of 
transitions 

Average 
latency 

Maximum 
latency 

Uniform pulse 19 3.20 ms 5 ms 

PWM pulse 8 2.50 ms 4 ms 

Ramp 2,140 2.32 ms 3 ms 

Table 2 lists the number of transitions, and the average and 
maximum latency for all data recorded in the dSPACE system 
during both long duration tests. The average latency values 
correlate well with those in Table 1. The maximum latency 
values are noticeably higher than those in Table 1, however, 
taking the ramp as an example, 99.8% of the transitions 
analysed were 2 or 3 ms in duration, and only two transitions 
had an 11 ms latency. 

Table 2. Maximum and average latency for the first and second long 

duration communication tests from the dSPACE data. 

Waveform Number of 
transitions 

Average 
latency 

Maximum 
latency 

Uniform pulse 6,368 3.06 ms 12 ms 

PWM pulse 10,437 3.11 ms 12 ms 

Ramp 635,577 2.32 ms 11 ms 

The results of the uniform pulse and the ramp loop-back 
tests from the RTDS are shown in Figure 3. The blue 
waveforms are the signal ‘sent’ by RTDS to dSPACE, the 
signal passes straight through the dSPACE system, and the 
signals ‘received’ by RTDS are shown in red, again magnified 
views are shown to highlight the detail. The RTDS saves 1 s 
of data at a sample rate of 200 µs. The latency in the 
waveforms shown in Figure 3 varies from 2.2 ms to 6 ms. 

  

Figure 3. Magnified views of loop-back waveforms sent by the RTDS to 

the dSPACE, and received back. 

Table 3 shows the number of transitions per waveform 
used for the latency calculations, and the average and 
maximum latency values recorded per waveform for the test 
data shown in Figure 3. The short duration data capture on the 
RTDS means fewer transitions occur when compared to Table 
1, though the average and maximum latency values are 
consistent with those listed in Table 1. And as with the results 

in Figure 2, a 3.8 ms delay in the ramp value being updated is 
apparent in Figure 3. 

Table 3. Average and maximum latency for 1 s period of waveforms from 

the RTDS data. 

Waveform Number of 
transitions 

Average 
latency 

Maximum 
latency 

Uniform pulse 2 5.00 ms 6.0 ms 

PWM pulse 4 5.35 ms 6.0 ms 

Ramp 1,237 2.19 ms 2.6 ms 

Table 4 lists the number of transitions, and the average and 
maximum latency for all data recorded in the RTDS during 
both long duration tests. Fewer transitions are identified in 
Table 4, compared to Table 2 due to the smaller data capture 
duration. The average latency values in Table 4 are consistent 
with those in previous tables, and 96% of the transitions have 
a latency of between 2 to 3.8 ms. The maximum latency values 
in Table 4 are similar to those in Table 3, however, the 
maximum latency values from the RTDS data are less than 
half of those recorded for the dSPACE data, this is attributed 
to both the longer duration of the dSPACE data capture, and 
the larger number of data sets.  

Table 4. Maximum and average latency for the first and second long 

duration communication tests from the RTDS data. 

Waveform Number of 
transitions 

Average 
latency 

Maximum 
latency 

Uniform pulse 199 4.42 ms 6.6 ms 

PWM pulse 563 4.40 ms 6.8 ms 

Ramp 197,971 3.13 ms 5.4 ms 

Previous loop-back tests using a GTNET card with a 
100 Hz sample rate showed the latency was 90 ms. The 
GTNETx2, with its 5 kHz sample rate, has enabled a very 
significant reduction in latency and therefore appears much 
better suited to this application. 

IV. BASIC POWER SYSTEM MODEL 

Figure 4 shows an overview of the power system model 
used to demonstrate the interaction of the PHIL system shown 
in Figure 1. 

Three-phase 
infinite bus 

(6.6 kV 50 Hz)

Dynamic source

80 kW 20 kVAr load

BESS Ideal ESS

 
Figure 4. Overview of power system model implemented in RSCAD. 

The model consists of a 6.6 kV (RMS line-to-line), 50 Hz 
source with a per-phase impedance of 1 Ω to represent the grid 
connection, a 6.6:0.415 kV step-down transformer, a fixed 
80 kW, 20 kVAr load to represent local loads, and a dynamic 
source to interface an energy storage system to the power 
system model; the dynamic source is used with the default 
parameters. The dynamic source can be commanded either by 
an ideal ESS (lossless, with an instant response) in RSCAD, 
or using the measured data from the BESS which is received 
in real-time by the RTDS from the dSPACE system. A pre-



      

defined set-point profile, commanded by the RTDS, 
determines the output of either the BESS, or the ideal ESS. 

V. PHIL RESULTS 

Two sets of test results are presented in this section, the 
first test shows the data exchanged between the RTDS and the 
BESS hardware via the dSPACE interface. The second test 
extends the first test by integrating the measured BESS data 
with a simple power system model running in real-time in the 
RTDS. 

A. Automatic Set-Point Control (P and Q) 

 Figure 5 shows reference and measured BESS real power, 
and grid voltage with the measured data being recorded in 
both the RTDS and dSPACE systems. The BESS real power 
set-point is commanded by the RTDS, and increases to 30 kW 
and back to 0 kW in 15 kW steps, the first half of the profile 
is positive reference values (the BESS is charging), and the 
second half is negative set-point values; all power pulses have 
a 5 s duration. The reactive power set-point is zero in Figure 
5, and so not shown. 

 The steady-state reference tracking of the real power set-
point in the first plot in Figure 5 is excellent, however a 
noticeable time delay, with an average value of 646 ms is 
apparent between the reference set-point (blue and green 
waveforms), and the measured data (red and cyan 
waveforms). This time delay is formed of two components, 
the first being the time to exchange the data between the 
RTDS and the dSPACE systems, which from Section III.B is 
an average of 2.32 ms. The second is the time for the dSPACE 
system to exchange the data with BESS, the BESS to respond 
and to update its measured values and then to pass this 
information to the dSPACE system. The update rate of the 
BESS Profibus communication with the dSPACE system is 
183 ms, and so over 50% of the average 646 ms delay can be 
attributed to the update rate of this comms channel. 

 

 
Figure 5. BESS real power, and grid voltage during a step real power 

profile; the reactive power set-point was zero. 

The second plot in Figure 5 shows the grid voltage during 
the test, and confirms the alignment of the two data sets. The 
±1 V steps are due to the quantisation of the voltage signal. 
No synchronisation exists between the RTDS and dSPACE 
systems, however the 2.32 ms average latency means this 
causes no noticeable impact on the test results. 

Figure 6 shows the test results for steps in both the real and 
reactive power set-point values. The real power set-point is 

increased to +15 kW at 10 s, and is held at this value for 10 s, 
before it is stepped to -15 kW at 30 s, and held at this value 
for 10 s; at all other parts of the profile the set-point real power 
is zero. The reactive power profile is similar to the real power 
profile, however its transitions occur 5 s earlier than those 
listed for the real power profile. 

 

 
Figure 6. BESS real and reactive power, and grid voltage during a step real 

and reactive power profile. 

Again, the steady-state set-point tracking is excellent in 
Figure 6. The delay between a change in set-point and the 
corresponding change in the measured value is 600 ms. 

B. Interaction with Power System Model 

The power system model, shown in Figure 4 has been used 
with a dynamic source to interface both an ideal ESS, and the 
actual BESS to the power system model. The output of the 
ideal ESS and the BESS were both commanded to follow the 
same power profile. The power profile delivered 50 kW to the 
power system at 5 s, and held this value until 10 s, when it was 
stepped up to 100 kW. At 15 s the power was reduced to 
50 kW, and then 0 kW at 20 s. At 22.5 s 50 kVAr is delivered 
to the power system and then commanded to 0 kVAr at 30 s, 
a short 2 s -50 kVAr pulse is applied to the power system at 
40 s. Between 25 s and 35 s the dynamic source applies a 
100 kW load to the power system. 

Figure 7 shows the results of the tests where either the 
ideal ESS (first two plots) or the BESS (second two plots) 
command the dynamic source. The real power waveforms are 
shown in the first and third plots, and the reactive power 
waveforms are in the second and fourth plots. The waveforms 
in Figure 7 show the ability of the RTDS to command the 
output of the BESS, receive measured values from the BESS, 
and impose these measured values on the power system 
model. 

The previous delay between the dSPACE and the BESS 
receiving the reference value, and responding is apparent in 
Figure 7. The slow dynamics, and the coupling between the 
real and reactive power output of the dynamic source is also 
noticeable in both cases. This, together with the damped high-



      

frequency oscillations, are attributed to the use of the default 
current control proportional-integral (PI) gain values in the 
dynamic source block in the RTDS model. 

 

 

Figure 7. Real and reactive power waveforms from the full PHIL facility. 

VI. CONCLUSIONS 

A power hardware-in-the-loop (PHIL) facility has been 
described which consists of a 240 kVA, 180 kWh Siemens 
SieStorage lithium-ion battery energy storage system (BESS), 
and a real-time digital simulator (RTDS). A dSPACE real-
time platform connects to the BESS via Profibus, and to the 
RTDS using TCP/UDP Ethernet. Loop-back tests were 
performed in both the dSPACE and RTDS systems, using 
uniform pulse, PWM pulse and ramp signals. The average and 
maximum latency values determined from both systems were 
similar, and for the ramp signal the average latency was 
2.32 ms, and taking the dSPACE ramp as an example, 99.8% 
of the transitions analysed were 2 or 3 ms in duration, and only 
2 transitions had an 11 ms latency. The loop-back test also 
showed a 3.8 ms delay in the update of the ramp signal. The 
Ethernet comms latency is several orders of magnitude 
smaller than the BESS response time, and so this enables the 
PHIL to be used in future studies requiring a fast system 
response time, such as frequency regulation, with a high 
accuracy. 

The RTDS was then used to command the BESS, and the 
overall time delay between the set-point being sent to 

dSPACE, and the measured data being received for the new 
operating condition was 646 ms, of which, over 50% is due to 
the 183 ms update rate of the Profibus communication 
between the dSPACE and SieStorage system. The RTDS was 
then used to command the operation of the BESS, and the 
measured real-time data from the BESS was used to impose 
changes on a basic power system model running in real-time 
on the RTDS. 

Future work includes further development of the power 
system model running in the RTDS to enable balancing 
services such as frequency regulation to be examined, and the 
evaluation of supervisory BESS control to optimise the BESS 
usage. 
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