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Executive Summary

Grid impedance and the output impedance of grid-connected inverter are important parameters for
the operation of grid-connected systems, such as solar, wind, and other distributed-generation sys-
tems. The impedance mismatch between the grid and the power converter can generate harmonic
resonances, which can cause damage to devices, blackouts and safety hazards. The harmonic
resonance may appear to be a power quality problem, but it is actually an indication of lack of sys-
tem stability margin and may lead to instability and disruption of inverter operation if the grid im-
pedance or the inverter power level further increase. Therefore, accurate grid- and inverter-
impedance information is essential for stability assessment and for maintaining stability in future
power grids. Since the dynamics of grid-connected systems vary over time and with many parame-
ters, real-time analysis is most desirable.

Our collaborative research project, funded by the Academy of Finland, aims to develop an online
impedance-measurement technology to enable real-time stability characterization and adaptive
control of grid-connected systems to mitigate the observed harmonic resonance phenomenon.
Based on current understanding of the problem, the key to success lies in the availability of accu-
rate harmonic impedance models in stability analysis and careful design of power converters. The
proposed technology makes it possible to verify and evaluate the harmonic impedance models at
both sub and super-synchronous frequencies from grid-connected systems. The technology can be
further used to implement adaptive-control to high-power converters to enhance plug-and-play
functionality of grid-connected power converters.

During the first part of the research visit, a measurement setup was implemented which allow ex-
tracting the vital impedance characteristics from a three-phase power converter. In the setup, a
small-amplitude wideband perturbation is injected to the system, and Fourier analysis is applied to
extract the harmonic impedance. The measurement setup can be further used for validation of the
harmonic impedance models developed by several different research groups and for certification of
power converters in the near future. Impedance measurement at high power level has not been
previously reported. However, due to fundamental differences, such as different switching frequen-
¢y, control bandwidth and parasitic losses, between medium and high—power converters, results
from low-power converters are not valid at higher power levels.

During this visit, several impedance measurement methods were tested at a power level of roughly
25 kW. One voltage amplifier was configured to emulate the output impedance of a three-phase
converter while another amplifier was used to generate the required small-signal excitation. The
effect of the control functions to converter impedance was achieved by using a real-time simulator.
The tested algorithms proved to be fast and effective methods to extract the converter impedance
online at its nominal operating point. Now that the algorithms have been validated the next visit
planned toward the end of year 2018 (or beginning of 2019) will concentrate on measuring imped-
ance with significantly higher power level.
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2 Research Motivation

The amount of power electronic converters in power systems is experiencing a growth as never
experienced before. Modern power systems may even be solely based on power converters, such
as renewable energy —based microgrids, and power systems of all-electric aircraft. The analysis of
such systems is more complex than the conventional power systems where power flow is typically
from a significant electrical source to distributed loads. There is significant amount of evidence that
the analysis (especially stability analysis) of modern AC power systems should be carried out tak-
ing into account a wide range of frequencies. Resonance problems have been reported at several
kilohertz in offshore wind power plants, grid-connected photovoltaic power plants and data centers.
This is an alarming observation, since the penetration of power electronics is bound to keep in-
creasing. Small-signal impedance-based analysis is one of the proposed methods to identify and
mitigate the resonance problems. The main benefit of impedance-based analysis is the fact that
online measurements can be used instead of models, which are always approximations and may
even be impossible to derive due to high complexity of power-electronics based power systems.

2.1 Objectives

The main long-term objective of this project is to successfully prototype a method to measure
small-signal impedance from a power converter operating at or near the power level of 1 MW. The
first step is to measure impedance at the power level of roughly 1 MW which allows impedance
characterization of most photovoltaic central inverters. Subsequently, the necessary modifications
can be done in the future to enable impedance measurement at 8 MW to allow impedance charac-
terization of full power wind power converters (after the visit by DNV-GL or during another visit).
Measuring the impedance at the nominal power is important since operating point has a major ef-
fect on converter impedance and, thus, its stability in a power system.

The impedance measurement is based on wideband-identification technique. In the method, a
broadband excitation such as pseudo-random binary sequence (PRBS) is injected on top of the
grid voltages seen by the power converter. The resulting grid voltages and currents are measured,
and Fourier techniques are applied to extract the frequency components in both the voltages and
currents. The PRBS has been proven to be one of the most promising online methods to obtain
impedance information from grid-connected systems. The PRBS is a deterministic and periodic
signal. Therefore, the effect of external noise can be computationally reduced, and multiple periods
can be applied through spectral averaging to further increase the signal-to-noise ratio (SNR). As a
result, the injection amplitude can be kept very small such that normal system operation is guaran-
teed during the identification. The small injection amplitude is critical when working with such a
high power levels not to cause malfunctioning or to trip any of the protection circuits.

In previous research the impedance of low-power converters has been measured by using a three-
phase linear amplifier to emulate the behavior of real power system, i.e., the power converter feeds
power to the amplifier according to Fig. 2.1. This type of measurement relies on “voltage-type” in-
jection where the PRBS-signal is added on top of the emulated grid voltages (Vgria).

source DUT s

Figure 2.1: Impedance measurement technique for kW-level power converters.

However, in the case of high-power converters, using such a setup is not feasible or realistic, since
the linear amplifier should be able to dissipate all the power generated by the converter. The im-
pedance measurement technique requires the output currents or voltages of the power converters
(io and Vo) to be perturbed by an external source or converter. The impedance can be measured
from high-power converter by using the “current-type” injection as illustrated in Fig. 2.2. The linear
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amplifier is configured to inject the perturbation in the current between a back-to-back converter
and the power converter from which the impedance is measured (iin)). The back-to-back converter
(or grid emulator) allows keeping the “grid” frequency and amplitude constant during the measure-
ment to avoid errors due to shifting operating point.

20

source DUT o4+ 1|~ :ng
- —| L

e

Ly

Figure 2.2: Proposed impedance measurement technique for MW-level power converters.

The measurement setup will be first demonstrated by using a power-level of less than 100 kW as
illustrated in Fig. 2.3. The laboratory is equipped with a linear power amplifier rated 200 kW. Part of
the power supply (100 kW) will be configured to act as the injection amplifier while a second part
(100 kW) will act as the device-under-test, from which the impedance is measured. The three-
phase grid is reproduced by using the on-site grid emulator.

Modular Egston operales as
AC current harmonic source

DC source operates to back
energize and power up the EUT

|

| - E EUT
Disturbance Emudator /\/ X By
T e
16 ey
Grid Emutator —
I Y I 100kW Egslon operates
as EUT (2 Egston Cell)

Flexible Power Grid Lab operates as
- ogen loop voltage source Brovding
50Hz grid connection to EUT

The second demonstration is done at the MW power-level, according to Fig. 2.4. The high-power
AC grid emulator acts as the device-under-test while the actual three-phase grid is used as the
load. The reason for having different steps is to have the possibility to identify risks and challenges
related to the hardware and safety, before the final impedance measurement will be implemented.
The proposed plan does not depend on the availability of commercial MW-level power converter
during the research visit. Therefore, the measurement method can be demonstrated by using the
equipment that already exist in the laboratory.
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Figure 2.4: Setup for prototyping impedance measurement at MW power-level.

Harmonic model verification

The secondary objective is to verify the accuracy of harmonic impedance models developed for
high-power wind and solar power converters. Accurate impedance models enable more realistic
offline stability studies of modern power systems which experience large penetration of renewable
energy source, such as large scale photovoltaic generation or offshore wind power parks. This ob-
jective requires successful implementation of the impedance measurement setup.

Methods for for multiple-input-multiple-output measurements

Three-phase grid-connected systems are multiple-input multiple-output (MIMO) systems. They
have more than one input and output which are typically coupled. In principle, describing a three-
phase impedance fully requires at least two measurements to be carried out. All the impedances
can be measured by applying a broadband excitation to each input and measuring responses at all
outputs in turn, and cross-correlating each input and output signal combination. A good example of
such a procedure is the impedance measurement in the direct-quadrature (dq) reference frame.

Applying multiple-input-multiple-output (MIMO) techniques, different coupled components (e.g. d
and g components) of the inverter output impedance or grid impedance can be simultaneously
measured during a single measurement cycle. Therefore, the operating conditions of the system
can be kept constant during the measurements, and the overall measurement time is significantly
reduced. One of the objectives of this project is to implement MIMO measurements by using or-
thogonal pseudo-random sequences. In the method, several perturbations are applied at the same
time. Due to orthogonality, the injected energy lies at different frequencies for different injections,
and hence, the cross coupling between components is avoided. Consequently, only one meas-
urement cycle is required to obtain all impedances. Therefore, the overall measurement time is
drastically reduced. Furthermore, the method guarantees that the system dynamics do not change
between the measurements, and hence, the computed bus impedance is not distorted.

2.2 Scope
The scope of this research includes methods to enable impedance measurement at high power

levels. The impedance measurement is done for a single converter. Different excitation and im-
pedance computation methods are tried and compared.
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3 State-of-the-Art

Unstable harmonic resonance phenomenon has been recently reported in wind and photovoltaic
power plants [1,2]. Similar instability has caused severe problems previously in railway power sys-
tems, leading to standardization of impedance characteristics of related power electronic equip-
ment [3]. Extensive work has been done to characterize and prevent similar incidents in power sys-
tems with large penetration of renewable energy sources [4-6]. Figure 3.1 illustrates a harmonic
resonance appearing in a photovoltaic power plant [1]. The resonance can appear in the sub-
synchronous range (below fundamental) or at super-synchronous range (up to several kilohertz).
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Figure 3.1: Harmonic resonance in a grid-connected photovoltaic power plant: a) sub-synchronous
and b) super-synchronous resonance [1].
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Based on current understanding, the resonance phenomenon can be prevented by careful design
of power converter’s output impedance [7]. The impedance can be shaped by appropriate selection
of internal control parameters of the inverter [8]. The idea is similar to adding a damping resistor to
an electrical oscillator. However, in the case of power converter damping is introduced by the con-
verter’'s digital control system. The impedance can in fact be shaped by trial-and-error method by
first measuring the converter impedance in the nominal operating point and subsequently making
adjustments to inverter control parameters, until sufficient characteristics are reached. Moreover,
the impedance measurement can be used for certification purposes in future, like in the case of
railway power systems. Some form of standardization of power converter impedance is likely to
happen in near future as EU struggles to increase the share of renewable energy sources [9].

The converter impedance can also be re-designed by using an accurate harmonic impedance
model [10]. This approach avoids the time-consuming repeated impedance measurements. How-
ever, the impedance model should be verified based on impedance extracted from a real power
converter in its nominal operating point. Real power converters suffer from a set of non-idealities
that are unknown or not easily re-produced by simulators, delays and nonlinearities. Fig. 3.2 shows
the impedance measured from a 10 kW power converter and the corresponding impedance model,
which has been obtained at our university’s power electronics laboratory previously. The model
shows almost perfect match with the measured impedance. Thus, the developed impedance model
can be used in stability analysis of power systems with high confidence.
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This project aims to develop an impedance measurement setup, which can be used to measure
impedance from megawatt-level power converters. The measured impedances can be then used
for validating the harmonic impedance models. We have strong experience in measuring imped-
ances in the kilowatt-range [11,12]. However, accurate impedance measurement in megawatt-level
requires different considerations because scaling of power levels does not provide correct results.
This is due to the fact that component sizing, switching frequency, control bandwidths and parasit-
ics are totally different between kW and MW-level converters.

Impedance measurement from medium-voltage ship power system has been demonstrated in [13].
However, the frequency range is only up to 1 kHz, whereas wind and solar power systems have
been reported to suffer from resonances ranging from few hertz up to several kilohertz. Moreover,
some control actions, such as active damping, may affect the impedance at frequencies significant-
ly higher than one kilohertz [10].

The research represents the state-of-the-art in the field of online impedance measurement, stability
analysis and adaptive control of power-distribution systems. The research has successfully com-
bined expert knowledge from several fields including system identification, small-signal analysis,
control theory and power electronics. To date, the methods for online methods in power electronics
have been limited by the lack of knowledge of the techniques applied in other fields. Combining
and customizing the methods from several scientific fields have made it possible to develop com-
pletely new and efficient techniques to improve the operation of power-distribution systems.
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4 Executed Tests and Experiments

During the access days different impedance measurement methods were prototyped in the FPG
Lab. It was decided to use one of the amplifiers to emulate inverter impedance and measure that
instead. The solution allows testing of impedance measurement algorithms but also provides better
safety, since the amplifiers can limit overcurrents and voltages. Therefore, the risks for equipment
damage was reduced significantly.

4.1 Test Plan

During the first days the dynamics of amplifiers were measured using a frequency response ana-
lyser, to allow designing the outer control loops for the amplifier. Once the outer loops were de-
signed, the stability of the amplifier was validated. Finally the output impedance of the amplifier
was measured and the effects of control loops on impedance behaviour were verified. The detailed
day-by-day test plan is given below.

16.4.2018, Day 1: TUT researchers familiarize with laboratory staff, common practices and safety regulations.

17.4.2018, Day 2 (access day): Connections and the final layout of the experiment are decided and final simulations are
done.

18.4.2018, Day 3 (access day): Experimental test signals are run on HIL-platform with all power outputs offline. The test
signal is loaded in the memory of the HIL-simulator to enable perturbing the AC voltage and current in the system.

19.4.2018, Day 4 (access day): The setup is powered on with the intended configuration and without the experimental
test signals (or they equal DC 0 volts). The setup is operated at the intended power level.

20.4.2018, Day 5: Reserved for simulation, debugging and re-design of test signals.

23.4.2018, Day 6 (access day): First attempt to measure impedance is made. The setup is powered on with low power
level and impedance measurement is carried out. The test signal is injected into the system and currents and voltages
are recorded for further analysis.

24.4.2018, Day 7: Reserved for simulation, debugging and re-design of test signals. Attempt is made to identify the im-
pedance based on the measured data from Day 6.

25.4.2018, Day 8 (access day): Second attempt to measure impedance is made. The power level may be higher if no
problems or safety issues have been detected during Day 6.

26.4.2018, Day 9: Attempt is made to identify the impedance based on the measured data from Day 8. Recap with DNV-
GL personnel.

27.4.2018, Day 10: Reserved for writing final report and planning the content of following visits and collaboration.

4.2 Standards, Procedures, and Methodology
Not applicable.

4.3 Test Set-up(s)

4.3.1 Amplifier Frequency Response

The first test setup included one three-phase amplifier configured to for voltage-mode operation.
The amplifier was loaded by another three-phase amplifier to have a better understanding how the
amplifier works under loaded condition. The second amplifier was configured for current-mode op-
eration. The purpose of the first experiment was to measure the bandwidth of the voltage amplifier
using a frequency response analyser (FRA). The simplified schematics in Fig. 4.1 show the princi-
ple of the measurement. A perturbation is made (in dg-domain) to the reference of the voltage am-
plifier. The reference value and the actual measured voltage is fed back to the FRA, which gener-
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ates automatically the sine-sweep and computes the frequency response.
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Figure 4.1: Test setup to measure amplifier frequency response.

The measured frequency responses are shown in Fig. 4.2. The direct frequency responses from
the reference values to actual measured values are the most important characteristics. The solid
blue line depicts the frequency response from reference value of the voltage d-component to the
actual measured voltage d-component at the output terminals of the amplifier. The solid red curve
represents the same characteristics for the g-components. The magnitude stays within +/- 1.5 dec-
ibels at frequencies below 2.5 kHz, which is half of the value given by manufacturer. However, it is
not evident if the initial tests by manufacturer had been done under loaded or un-loaded condition.
It can be concluded that the bandwidth of the amplifier should be high enough to allow high-
bandwidth injection of MLBS signals and to emulate inverter impedance. The cross-channel fre-
guency responses (from d to g and vice versa) have very low magnitude, approximately -30 to -20
decibels indicating that there is nho need for special arrangements, such as decoupling networks.
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Figure 4.2: Measured frequency responses of the voltage amplifier in the dg-domain.

The measurement results above also act as the fundamental basis on which inverter impedance
emulation is built on. The frequency responses in Fig. 4.2 represent the innermost dynamics of the
emulated inverter.

4.3.2 Stability of Emulated Inverter

To facilitate testing of impedance measurement algorithms, a three-phase inverter was emulated
using the voltage amplifier, AC filter and real-time simulator. The test setup is as shown in 4.3. A
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three-phase inductor is connected between the two amplifiers, which are both operated in voltage-
control mode. l.e., their internal controllers regulate their terminal voltages. The inductor serves two
purposes. The first and most evident purpose is to provide impedance between the two voltage
sources which are effectively connected in parallel. Without the impedance, it is very likely that the
setup would either trip the protection circuits or damage to hardware would be caused. The second
purpose of the inductor is to emulate the output filter of a grid-connected inverter and to facilitate
suitable dynamic behaviour to allow emulating the fast AC current control loops.

; PLL j——
ref
vog
current cq
control il aboe
#vrcf iDUT VYour
Q) I ©
Amplifier Amplifier
group 2 group 1

Figure 4.3: Test setup to evaluate stability of the emulated three-phase inverter.

The frequency responses measured previously are used to develop the open-loop dynamic model
on top of which the current control loops are designed. Figure 4.4 shows the designed current con-
trol loops of the d and g-components of output current, which are extracted using the FRA. Moreo-
ver, Fig. 4.5. shows the designed and measured phase-locked-loop which is required to synchro-
nize the current control with the AC voltage.
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Figure 4.4: Designed and verified loop gains using the FRA.
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Figure 4.5: Designed and measured phase-locked-loop.

Figure 4.6 shows the waveforms of output current and output voltage when the grid voltage is sub-
jected to a sudden symmetrical voltage dip of 25 percent. The current control reacts very fast and
there seems to be no problem with the interaction of the internal voltage controls of the two ampli-

fiers. Thus, the amplifier emulates the electrical behaviour of a real inverter very well in time-
domain.
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Figure 4.6: Step response of grid current when grid voltage experiences a 25 percent symmetrical
dip.

Figure 4.7 shows a step response of the output current measured in the synchronous reference
frame when the reference value of the current d-component was increased from 10 to 50 amps.
The designed control system works as intended and there is little overshoot and settling time is just
few milliseconds. Moreover, the lower waveform shows the step response when the crossover fre-
guency of current control loop is intentionally reduced to 200 Hz and phase margin is only 35 de-
grees. Large oscillation is observed and the settling time is much longer. Thus, the system can rep-
resent similar time-domain behaviour as an inverter with insufficient stability margins and poor con-
trol design. Therefore, the setup can reveal insufficient control design even without measuring the
actual control loop gains.

TA User Project: CHROME Revision / Status: approved 15 of 21



ERIGrid GA No: 654113 1-11-2015

Current (A)

1.545 1.55 1.555 1.56 1.565

Current (A)

o—ﬁ/ﬁ\_,/—w

1.87 1.875 1.88 1.885 1.89
Time (s)

Figure 4.7: Step response of current in dg-domain with properly tuned current control (upper) and
poorly tuned control system (lower).

It can be concluded that the voltage amplifier can be configured to resemble the dynamic behav-
iour of real grid-connected inverter. The time-domain response is directly linked to the tuning of
current control loops as would be expected from actual inverter. Thus, the next step is to verify if
the output impedance of the amplifier resembles that of a real inverter, i.e., to verify if the setup
resembles a real inverter also in frequency-domain.

4.3.3 Impedance Measurement (Sine-Sweep)

To measure the emulated inverter impedance, a small-signal perturbation was added on top of the
grid voltages. To be precise, the measured quantity is admittance, since the inverter is operated as
a current source and grid voltage is an input variable. The admittance was measured by using a
sine-sweep frequency response analyzer and PRBS injection method. Figures 4.8 and 4.9 show
the measured admittance and the admittance given by an analytical model. The analytical model
has been verified in previous research and it gives a good estimation for the real admittance [14].
Thus, it can be used as a reference to evaluate how well the inverter admittance can be emulated
using the proposed setup.

20 F

modeled admittance
« » « measured emulated admittance
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Figure 4.8: Measured emulated admittance (d-component) versus the modeled admittance of a
real inverter.
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Figure 4.9: Measured emulated admittance (g-component) versus the modeled admittance of a
real inverter.

It can be noticed that the emulated admittance d-component follows the reference up to approxi-
mately 500 Hz. It is no coincidence that this is the same frequency which was selected as the
crossover frequency for the outer current control loop. Thus, after 500 Hz the internal voltage con-
trol of the amplifier starts to “fight back”, which prevents the passive properties of the L-filter from
showing toward the grid. The admittance g-component follows its reference slightly higher, up to

roughly 1 kHz.
4.3.4 PRBS method

The results above were extracted using the sine-sweep frequency response analyzer. Figurea 4.10
and 4.11 shows the results obtained by using the PBRS-method. The PRBS method gives exactly
the same result as the sine-sweep method up to approximately 1 kHz. The bandwidth of the meas-
urement could be increased by changing the PRBS parameters, such as generation and smapling
frequency. However, it should be noted that the experimented PRBS measurement took around 5
seconds to measure the whole admittance matrix (4 components). Obtaining the same results with
the FRA took about half an hour. Thus, it is much more efficient to use the PRBS method when the
measurements are time critical or the operation is studied with many changing parameters.

DD-component Magnitude

50

10° 10' 10° 10°

Figure 4.10: Measured admittance d-component using the FRA (blue) and the PRBS method (red).
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Figure 4.11: Measured admittance g-component using the FRA (blue) and the PRBS method (red).

4.4 Data Management and Processing

Data will be stored in TUTCRIS for later access, which is an online platform of Tampere University

of Technology.
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5 Results and Conclusions

The voltage amplifier was successfully used to reproduce the small-signal impedance behaviour,
which is characterized by internal control loops. The effect of AC current control, phase-locked-
loop and grid voltage feedforward on the impedance was evaluated. It was concluded that the im-
pedance can be precisely emulated with correct magnitude and phase behaviour up until the
bandwidth of the inner current control loop. The limiting factor at high frequencies was deemed to
be the internal voltage control of the voltage amplifier, which was used to emulate the inverter
power stage behaviour. The internal voltage control effectively hides the properties of the passive
AC L-filter. However, this was considered acceptable since the internal voltage control guarantees
relatively high safety and still the impedance-based interactions arising from all the control func-
tionalities inside the AC current control bandwidth can be accurately emulated. However, the im-
pedance measurement with FRA could easily capture the impedance up to 10 kHz which is more
than enough to characterize high power converters. Moreover, by using the PRBS the measure-
ment time is drastically reduced which is important if the effect of several parameters on imped-
ance behaviour is to be studied.
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Open Issues and Suggestions for Improvements

It was observed that some amount of DC current flows between the amplifiers. This is caused by
the fact that the converters operate internally in voltages control mode and there is no regulation
for zero sequence current implemented on the real-time simulator. Thus, the small resistance of
the inductance and cables and small deviation in the DC-levels of the two amplifier groups can
cause significant DC current flowing in the circuit. This is a matter that needs to be taken into ac-
count in later setups, especially when the amplifier is connected to the actual grid or grid simulator.

The emulated impedance contains the effect of AC-side control loops. However, in theory it would
be possible to simulate the DC side of the inverter using the real-time simulator to see the effect of
of, e.g., DC voltage control loop on the emulated admittance.

The amplifiers are limited to 400 V, at least at the time of visit. Therefore, the voltage level is not
enough to measure central inverters with 690 V AC nominal voltage.

Issues arising from the connection of grid simulator have not yet been identified.

6 Dissemination Planning

Journal article in IEEE Transactions on Industrial Electronics

One article has been submitted to a Special Section “On-board Micro-grids for the Electric Aircraft”
which will be published by IEEE Transactions on Industrial Electronics. The article will discuss dif-
ferent identification techniques, such as maximum-length binary sequence, ternary sequence and
orthogonal sequences, and specifically, their use in power electronics-based microgrids. The iden-
tified control loops and impedances from the Flex Power Grid Lab will be reported in the paper,
along with discussion how the identification techniques can be implemented in power-electronics
based power systems.

Journal article in IEEE Transactions on Power Electronics

Second journal article is under preparation to be submitted to IEEE Transactions on Power Elec-
tronics. The paper will discuss how a voltage amplifier can be configured to emulate the imped-
ance behaviour or a real grid-connected three-phase inverter, by using a real-time simulator and
AC filter. The paper presents the implementation, development of impedance model and various
measured impedances obtained from the Flex Power Grid Lab. Moreover, the paper will discuss
the potential limitations and risks involved with such impedance emulation.

Journal article in Energies (open-access)

Third journal article is also under preparation and will be submitted to open-access journal Ener-
gies. The article will show how the converter impedance changes between different operating
modes and set points, e.g., inverter/rectifier mode, real/reactive power injection. The paper will
make use of roughly 100 impedance curves measured during the visit at Flex Power Grid Lab. The
paper will provide an extensive review based on the measured impedances.
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