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Abstract

More and more energy is fed especially by decentralized converters from renewable energy sources

into the grid. Therefore, it is important to know the grid behavior at a wide frequency range from

the fundamental frequency up to the kHz-range. This paper presents an advanced impedance medium-

voltage measurement system with a high frequency range for an electrical medium-voltage grid. A

sinusoidal current of a predefined frequency is injected into the grid. With this, the grid impedance is

calculated from the measured magnitude and phase of the injected current and the resulting voltage. The

measurements will be executed at different frequencies to produce approximate continuous impedance

versus frequency characteristic of the grid at the measured coupling point. Results of a ready to use, low-

voltage impedance measurement system are discussed, and the design considerations the basic concept

and first simulation results of the developed medium-voltage system are presented in this paper.

Introduction

The electrical grid is changing considerably due to the steadily growing integration of decentralized

energy resources (DERs), such as power generation from wind and solar energy. Besides the feed-in of

active and reactive power, the DERs introduce additional filter elements, such as inductors and capacitors,

that are influencing the grid impedance. Due to the switching behavior of power electronics DERs can

be seen as harmonic current sources, which are interacting with the grid impedance inducing harmonic

content into the grid voltage. Consequently, the knowledge of the grid impedance is of high importance

for the generation and limitation of harmonics, for setting voltage harmonic limitations in grid standards,

and for the design of grid connected power converters. Moreover, the control of the power converters of

the DERs has to be adapted to the grid impedance to guarantee stability and sufficient dynamic behavior.
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Figure 1: (a) Setup for the LV grid impedance measurement, (b,c): Grid impedance measurement in a

public LV grid versus time and frequency for (b) magnitude and (c) for phase angle

In the conventional approach for the grid connection of DERs, the grid impedance at the point of con-

nection (PoC) is calculated at the fundamental grid frequency based on shortcircuit power [1]. In special

cases grid simulation software is used to obtain more precise results. Nevertheless, this approach is in-

sufficient since the grid impedance between 0.1 kHz and 10 kHz, the range of the dominant harmonic

frequencies of the DERs, has to be known. This is valid for both low-voltage (LV) grids with smaller

DERs and medium-voltage (MV) grids, where wind and solar parks are connected. For LV grids, mea-

surements of the grid impedance in the interesting frequency range of 0.1 kHz to 10 kHz under varying

grid conditions are published [2, 3, 4]. In most publications, the focus is on the development of the

analysis system, while measurement results are not addressed in greater depth. For MV grids only very

few measurements are published, for example [5, 6]. A deeper knowledge in this field is required for

appropriate and optimized operation of the electrical grid.

In this paper, a concept for a system and a method to analyze the MV grid in regard to grid integration

of DERs is presented. A project has been started to develop and set up an MV grid analysis system and

to perform extensive grid measurements. A single step-by-step frequency current feed-in method has

been chosen, which offers accurate results over a wide frequency range. A concept of the overall system

to analyze the grid impedance in MV grids is presented with the focus on the converter design of the

measuring current generator, where a power of 2 MVA to 3 MVA is required. Additional features of the

converter will be reactive power supply and active power filtering (APF). Possible realizations by two-

level inverters and by NPC inverters are described and compared to optimize the switching frequency

and the harmonic content. The results can be applied for other grid connected converters like static

synchronous generator (STATCOM) or APF.

This paper is organized as follows: The first section gives references to successful operated grid mea-

surements in the LV grid and describes the transfer of measurement methods to the MV case. The

measurement concept for MV grid impedance is presented in the next section. The third section contains

the converter design for the measurement current generator. In the following section simulation results

of the generator system are shown. The final section gives the conclusion.

Low-Voltage Grid Impedance Measurement

The impedance measurement of energized power grids at non-fundamental frequencies is a well-known

approach. Generally, the methods presented in the literature only differ in the measurement frequency

band and its frequency resolution. Beyond that, impedance measurement methods can be divided into

passive and active methods. A simple passive approach to derive the impedance at the harmonic and

fundamental frequencies is the steady-state measurement of the line voltage and phase current before and

after the grid connection of a known load [7]. Another passive method is based on the excitation of the

LCL-filter resonance in steady-state operations to estimate the grid impedance [8]. In active methods, non



fundamental frequency signals are injected into a power system, which are either pulsed signals (poly-

frequency) [1, 9] or single frequency signals generated with special filter equipment (mono-frequency)

[10]. In comparison to active methods, passive methods have the drawback that the grid impedance can

only be measured at frequencies present in the grid voltage. If the grid voltage amplitude is not large

enough at the specific harmonic frequency to adhere to the measurement accuracy, it can be amplified

by the harmonic current injection caused by the non-linearity of the known load [11]. In both cases the

measurement frequencies are mainly odd harmonics. In active, poly-frequency measurement systems the

power is split among the full measurement frequency band leading to a decreased measurement power

at the single frequency, which results in a lower signal-to-noise ratio in comparison to methods based

on mono-frequency measurements [12]. Further advantages of mono-frequency measurement systems

are the capability to arbitrarily select the measurement frequencies and the number of samples as well

as to set the maximum measurement current at each frequency in dependence of the grid conditions.

However, mono-frequency measurements have to be repeated for each single frequency resulting in

a higher measurement time that can lead to falsified results if the grid conditions change within the

measurement period.

A successful LV impedance measurement was carried out with a three-phase 15 kVA grid connected

VSC, which is shown in Figure 1a. With this converter an active, mono-frequency measurement with a

range from 100Hz up to 10 kHz [12] is realized to measure the LV grid impedance with high accuracy

over a wide frequency range. The measurement results are used for optimizing the grid integration of

DERs, and for grid modeling, which gives information to DER manufacturers and operators as well as

energy suppliers about the grid behavior contributing to the design of products as well as to standard-

ization requirements for DERs. Measurements were taken in a public LV power system in northern

Germany [13]. Figures 1b,c indicate that within the four days of measurements the frequency depend-

ing impedance of the considered PoC is not constant but varies in time with a conspicuous day profile.

Several resonances can be found in the magnitude of ZPoC in Figure 1b. The main resonance occurs at

1800 Hz with a magnitude of ZPoC = 1.3Ω around noon. The phase angle of ZPoC is illustrated in Figure

1c showing that the phase angle at 50 Hz is predominantly resistive at an angle of about 20○. During

nighttime the phase angle decreases in a frequency range from 1.6 kHz and 5 kHz at a minimum angle of

−25○. From these results it can be concluded that the grid impedance is highly variable, which makes it

necessary to measure the grid impedance also in the MV grid.

Medium-Voltage Grid Impedance Measurement System

An active, mono-frequency measurement system is chosen to provide high measurement accuracy over a

wide frequency range even in strong grid conditions. The hardware concept is described in this section.

The main challenge is the high switching frequency up to 50 kHz at high power levels. Therefore,

inverters with LV ratings are chosen, as they can be designed for this switching frequency range. For

reasons of operability the power level of the single LV converters is chosen to be 200-600 kVA leading

to a total number of 6-15 converters connected in parallel in order to reach the required total power

of 2 MVA to 3 MVA. Special challenges for parallel inverters are the synchronization and control of

inverters and the suppression of circulating currents.

Power Converter Architecture

The overall concept is depicted in Figure 2a. The current generator consists of parallel converters pro-

viding a measurement current with a frequency between 100 Hz and 10 kHz. The generator is connected

to the MV grid (20 kV) by a multi MVA transformer in star-star configuration (short circuit voltage

uk = 2.5%) to minimize the voltage level which has to be generated by the inverters. A grid excitation

for measurement of 1% of the MV is necessary. The current generator is fed by the LV grid (50 Hz)

whereby a LV transformer is used to reduce the voltage level at the LV side. The voltages and currents

are measured and analyzed by a Fourier analysis to determine the grid impedance.



Table I: Basic data for 20 kV MV grid for the connection of decentralized energy systems [14]

Case VMV,∆ [kV] Sk [MVA] Ψ [○] Zk,MV [Ω] Lk,MV [mH] Rk,MV [Ω]

Range 20 . . . 22 30 . . . 500 50 . . . 85

A 20 30 85 13.3333 42.3 1.1621

B 20 500 50 0.8 1.95 0.5142

Control and Synchronization

In order to guarantee an accurate impedance measurement and a safe operation at the same time the N

parallel inverters have to be synchronized by a supervisory control system and monitored locally. The

control concept is shown in Figure 2b. At inverter level, the current and DC link voltage are measured and

being processed by a local field programmable gate array (FPGA). The measured signals are transmitted

to the supervisory control unit via fiber optic cables using serial communication. The current controllers

are implemented on the fast FPGA of the supervisory control unit. In addition to the current at the

measurement frequency, the fundamental frequency is used to control the DC link voltages. Due to the

lower dynamics the voltage controllers can be implemented on a microprocessor, of which the outputs

are summed up with the references of the non fundamental frequency currents. For grid synchronization,

a phase-locked loop is used to track the voltage vpcc, which can be implemented on the microprocessor,

likewise. The switching signals are calculated on the FPGA of the supervisory control unit and are

transmitted to the local FPGA via fiber optic cables and serial communication, where they are transmitted

to the single power converters. In the same way, the switching synchronization of the single inverters

can be facilitated.

Converter Design

The current generator is designed to inject the required measuring current in the MV grid. The minimum

and maximum characteristic data of the MV grid (VMV,∆ = 20kV) in Germany, Russia and Brazil, relevant

for this project, are summarized in Table I [14]. The grid characteristics are described by the short-circuit

power Sk and the grid impedance angle Ψ. The grid impedances Zk,MV at f0 = 50Hz are calculated by

equations (1)-(3).

Z50Hz
k,MV =

V 2
MV,∆

Sk

(1)
R50Hz

k,MV = Zk,MV ⋅cosΨ (2) L50Hz
k,MV =

Zk,MV ⋅ sinΨ

2π f0

(3)
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Figure 2: Overview of MV grid analyzer: (a) block diagram, (b) concept of control and synchronization
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Figure 3: Schematic diagram of MV grid analyzer: (a) Single phase converter diagram and voltage

vector diagram of phase voltage Vphase, voltage across transformer impedance Vtrafo and grid voltage

(LV side) Vgrid for reactive power supply, (b) Number of parallel connected inverters to handle expected

measurement current at full rated power, (c) Voltage classification of converter: by using 2-level or 3-

level NPC inverter to excite grid voltage with 1% at 1 kHz

In Table I, case A defines the maximum grid impedance and the maximum grid inductance. The mini-

mum grid impedance and inductance are obtained for Case B. By the simplification that the grid shows

an ohmic-inductive behavior up to 100 Hz, it is obtained: Z100Hz
k,MV = 1.33Ω (Z50Hz

k,MV = 0.8Ω). This is the

minimal impedance for which the converter will be designed. The required current for a grid excitation

∆Vexc of 1 % can be calculated by equations (4), (5). The current at LV side depends on the transfer ratio

u of the transformer according to equation (6).

IMV =
∆Vexc,)

Zk,MV( f ) (4) ∆Vexc,) = 0.01
VMV,∆√

3
(5) ILV,total =

IMV

u
(6)

The current will be provided by N parallel inverters. The full current of one single inverter for different

LV level is depicted in Figure 3b. A rated rms current of 434 A would be required for 10 parallel inverters

connected to a transformer input voltage Vgrid,∆ of 400 V. The parallel converters are summarized in a

single phase converter diagram in Figure 3a. The system is related to the LV side. The transformer

inductance is calculated by equations (7), (8) whereas Rk,trafo ≈ 0.

Zk,trafo = uk ⋅
Vgrid,)

ILV,total

= uk ⋅
V 2

grid,∆

Stotal

(7) Lk,trafo =
Zk,trafo

2π f0

(8)

For proper analysis and due to possible grid resonances the system should be able to inject the full current

up to 1000 Hz. IGBTs with a blocking voltage of 1200 V are considered for the voltage design since

1700 V IGBTs are typically characterized by higher switching losses. The DC link voltage is assumed

as 750 V (two-level converter) and 1500 V (three-level converter), respectively. The voltage level for the

phase voltage is calculated by equation (9).

Vphase,) =
Vdc

2 ⋅
√

2
(9) Vtrafo = 2π f ⋅Lk,trafo ⋅ ILV,total (10)



In Figure 3c the voltage design is illustrated for the worst case that the voltages are in phase. In this

operation point the grid voltage, the grid voltage excitation (0.01 ⋅Vgrid) and the voltage drop across the

transformer inductance in equation (10) are summed. The sum of these two contributions is required to

inject the full current at 1000 Hz. The two-level inverter achieves the required voltage level by selecting

a very low transformer input voltage. On the other hand, three-level converters as the NPC converter

would profit from a higher voltage level, an additional voltage level and a higher power density [15].

The design and the commissioning of a converter system is always a challenging task. At the Chair

of Power Electronics two three-level NPC inverters for different applications have been successfully

developed and tested in different operation points in the laboratory. This experience can be used.

The first system is an NPC electrical drive inverter for an electrical vehicle with a rated power of 20 kW

[16]. The inverter is designed for a maximum DC-Link voltage of 750 V, the semiconductors are discrete

IGBTs in TO-247 size. The maximum evaluated efficiency is 97.2 %.

The second system is a compact LV high power NPC inverter for wind turbine applications with a rated

power of approximate 1 MVA [17]. The inverter is designed for a maximum DC-Link voltage of 1500 V,

a maximum AC-phase voltage of 950 V to stay inside the LV requirements. The semiconductors are NPC

phase-leg modules with a rating of 1200 V/600 A. The maximum evaluated efficiency at approx. 820 kW

is 98.7 % for generator-side operation and 98.8 % for grid-side operation.

Simulation Results

The described converter design for parallel two-level inverters and for parallel NPC inverters is consid-

ered in simulation. The power rating of the inverters is due to costs reduced to 60 % achieving 1 % voltage

excitation only up to 300 MVA MV grid short circuit power (not up to 500 MVA). The transformer input

voltage is selected by 270 V and 570 V, respectively. By this way, sufficient voltage reserves are provided

for the modulation, for additional voltages caused by measuring current and for grid voltage variations.

The NPC converter is modulated by phase disposition modulation [18]. The current control is based on

PI controllers and optimized by the technical optimum [19]. The DC link voltage is assumed as constant.

The relevant simulation parameters are summarized in Table II.

Table II: Simulation Parameters for two-level and three-level NPC inverter

Description Parameter Two-level inverter NPC inverter

Number of parallel inverters N 13 7

Current rating (rms) of one inverter 300 A 300 A

Power rating of one inverter 239 kVA 478 kVA

DC link voltage Vdc 750 V 1500 V

Transformer input voltage (for winding ratio) Vgrid,∆ 270 V 570 V

Transformer input voltage (for magnetic design) 460 V 920 V

Transformer inductance Lk,trafo 3.21 µH 14.32 µH

The phase voltages, the grid voltages and the overall phase currents for two-level and NPC inverters are

depicted in Figures 4a and 4b, respectively. The full current is generated for a frequency of 100 Hz.

The overall current to inject the power is reduced for the parallel NPC inverters due to the increased

transformer input voltage. The weighted harmonic spectrum of the overall current (phase 1) is depicted

in Figures 5a and 5b. The fundamental frequency becomes visible at 100 Hz. Additionally, there are

significant harmonics around the switching frequency of 15 kHz and its multiples. As mentioned before

the grid impedance will be determined by a Fourier analysis of voltages and currents. Accordingly, the

quality of measurement is not affected by unwanted harmonics.
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Figure 4: Converter phase voltages, grid voltages and overall phase currents (three phases) for full cur-

rent and a current frequency of 100Hz ( fsw = 15kHz): (a) Two-level inverter (îphase = 5460A), (b) NPC

inverter (îphase = 2587A)
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Figure 5: Weighted harmonic spectrum of overall phase current for a full current and a current frequency

of 100Hz ( fsw = 15kHz): (a) Two-level inverter (îphase = 5460A), (b) NPC inverter (îphase = 2587A)

The full current can be provided up to a current frequency of 1000 Hz. The corresponding phase voltages,

grid voltages and overall phase currents are depicted in Figure 6. The generated phase voltages are

increased to generate the high voltage drop across the transformer inductance at high frequencies. The

harmonic spectra of the overall currents (phase 1) are shown in Figure 7. Again there are significant

harmonics around the switching frequency of 15 kHz and its multiples. The increased harmonic content

is caused by the reduced ratio between switching and current frequency.



70 75 80 85 90 95 100

−1000

−500

0

500

1000

 v
p
h
as

e,
Y

 [
V

]

70 75 80 85 90 95 100
−600

−400

−200

0

200

400

600

 v
g
ri

d
,Y

 [
V

]

70 75 80 85 90 95 100

−6000

−4000

−2000

0

2000

4000

6000

 i
p
h
as

e [
A

]

 time [ms]

(a)

70 75 80 85 90 95 100

−1000

−500

0

500

1000

 v
p
h
as

e,
Y

 [
V

]

70 75 80 85 90 95 100
−600

−400

−200

0

200

400

600

 v
g
ri

d
,Y

 [
V

]

70 75 80 85 90 95 100

−6000

−4000

−2000

0

2000

4000

6000
 i

p
h
as

e [
A

]

 time [ms]

(b)

Figure 6: Converter phase voltages, grid voltages and overall phase currents (three phases) for full current

and a current frequency of 1000Hz ( fsw = 15kHz): (a) Two-level inverter (îphase = 5460A), (b) NPC

inverter (îphase = 2587A)
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Figure 7: Weighted harmonic spectrum of overall phase current for a full current and a current frequency

of 1000Hz ( fsw = 15kHz): (a) Two-level inverter (îphase = 5460A), (b) NPC inverter (îphase = 2587A)

Only 10 % of the current has to be provided at the maximum current frequency of 10 kHz. For this

reason, an increased switching frequency of 30 kHz to 50 kHz becomes feasible. The phase voltages,

grid voltages and overall phase currents are depicted in Figure 8. The waveforms are strongly distorted

because of the very low ratio between switching and current frequency. However, this is not a critical

issue since the system is designed for a much higher rated current. The harmonic spectrum of the overall

current is depicted in Figures 9a and 9b. The most significant harmonics are located around the multiples

of 10 kHz.
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Figure 8: Converter phase voltages, grid voltages and overall phase currents (three phases) for full current

and a current frequency of 10.000Hz ( fsw = 50kHz): (a) Two-level inverter (îphase = 546A), (b) NPC

inverter (îphase = 259A)

0 5 10 15 20 25 30 35 40 45 50 55
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Frequency [kHz]

O
v
e
ra

ll 
C

u
rr

e
n
t 
M

a
g
n
it
u
d
e
 [
p
.u

.]

(a)

0 5 10 15 20 25 30 35 40 45 50 55
10

−5

10
−4

10
−3

10
−2

10
−1

10
0

Frequency [kHz]

O
v
e
ra

ll 
C

u
rr

e
n
t 
M

a
g
n
it
u
d
e
 [
p
.u

.]

(b)

Figure 9: Weighted harmonic spectrum of overall phase current for full current and a current frequency

of 10.000Hz ( fsw = 50kHz): (a) Two-level inverter (îphase = 546A), (b) NPC inverter (îphase = 259A)

Conclusion

The knowledge of the grid impedance is necessary for a suitable integration of today’s and future de-

centralized energy resources. The grid impedance is time dependent and varies with the frequency, and

it is usually not well known. As a consequence, the real grid impedance can only be determined by

measurements. A MV grid analysis system based on an MVA power converter is introduced in this pa-

per. The requirement was set up to analyze the MV grid in the important frequency range of 100 Hz to



10 kHz. The concept of the measurement system, the basic design considerations and simulations of the

measurement current are presented. The designed high power electronic current generator (2 MVA to

3 MVA) with a switching frequency of 50 kHz and the designed measurement system would enable to

measure the grid impedance in the wished range with an accuracy higher than 5%.
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