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Abstract—Sequence impedance responses are increasingly used 

for the stability analysis of converter-grid systems; however, many 

aspects of the sequence impedance measurement process, 

particularly those resulting from the frequency coupling between 

the positive- and negative-sequence impedances, are not yet fully 

explored. Existing methods for measuring sequence impedance 

with frequency coupling are complicated, not suitable for large 

wind turbines and inverters, and they can measure the sequence 

impedance in only one of the MIMO and SISO forms. This paper 

shows that the sequence impedance has a reference frame similar 

to the dq impedance and presents a method for measuring the 

sequence impedance with frequency coupling. The proposed 

method aligns the sequence impedance reference frame based on 

the estimation of the grid voltage angle and obtains the impedance 

response in both MIMO and SISO forms. The paper also 

demonstrates the impact of the fundamental frequency on the 

accuracy of the impedance measurements. The proposed method 

and practical issues associated with the impedance measurement 

of utility-scale wind turbines and inverters are demonstrated on a 

1.9-MW Type III wind turbine and a 2.2-MVA inverter using an 

impedance measurement system built around a 7-MW/13.8-kV 

grid simulator and a 5-MW dynamometer. 

 

Index Terms-Impedance measurement, sequence impedance, dq 

impedance, stability analysis, control interactions, resonance, 

subsynchronous oscillations. 

I.  INTRODUCTION 

MPEDANCE-BASED analysis has become the mainstream 

approach for the stability analysis of converter-grid 

systems—including wind and solar power plants, microgrids, 

electric traction systems—and high-voltage dc transmission 

networks [1]–[8]. Certain utilities have started demanding that 

vendors provide the impedance response data of wind turbines 

and inverters to support system stability studies [9]–[11]. 

Impedance responses can also be used to validate the dynamic 

performance of electromagnetic transient simulation models 

over a broad frequency range. These developments have made 

the impedance measurement of utility-scale wind turbines and 

inverters an important grid integration test. 

The impedance-based stability analysis method for three-phase 

power systems was initially developed by modeling these systems 

in a synchronously rotating dq reference frame [12]. The 

impedance in the dq frame is a two-by-two transfer matrix. At least 

two perturbation tests are required to measure the dq impedance 

[13]–[15]. The dq impedance measurement also requires that the 

dq reference frame is aligned with the grid voltage angle [16]; the 

latter is obtained by either FFT analysis of the voltage 

measurements or by using a phase-locked loop (PLL). The FFT 

approach assumes that the fundamental frequency is fixed at its 

nominal value, which could result in significant errors. On the 

other hand, the PLL approach causes errors because of the effect 

of the injected perturbations on the PLL output; these errors can be 

minimized, however, by using either a very low-bandwidth PLL or 

a compensation method [17], [18]. 

Different from the dq impedance approach, [19] proposed the 

use of positive- and negative-sequence impedance responses for 

the stability analysis of three-phase systems. It was initially 

observed that the positive- and negative-sequence impedance 

responses of wind turbines and inverters are uncoupled for 

balanced operating conditions, which enables stability analysis 

using the Nyquist criteria for single-input single-output (SISO) 

systems and Bode plots instead of requiring the more complicated 

generalized Nyquist criteria required for the multi-input multi-

output (MIMO) systems [20]. Recent works, however, have 

discovered that the sequence impedances of three-phase active 

devices—wind turbines, inverters, high-voltage dc converters, 

synchronous generators, etc.—are coupled because of the 

frequency coupling effects [21]–[25]. The frequency coupling in 

power converters is caused by PLLs, dc-bus voltage control, 

asymmetric implementation of the d- and q-axis controls, and 

control functions acting on phasor variables such as the magnitude 

and frequency of voltages and the active and reactive power output 

[21], [25]–[28]. The frequency coupling in synchronous 

generators, on the other hand, is caused by power system stabilizers 

and the saliency of the machine dynamics in addition to the power, 

frequency, and voltage control loops [29]. The frequency coupling 

between the sequence impedances is generally dominant only at 

low frequencies less than a couple hundred hertz [21], [30], [31]; 

hence, high-frequency stability problems can be analysed using 

uncoupled positive- and negative-sequence impedance responses 

ignoring the frequency coupling. The analysis of stability problems 

at frequencies less than a couple hundred hertz, such as system 

wide subsynchronous oscillations because of control interactions 

among inverter-based resources in different parts of the grid [7]–

[9], must consider the frequency coupling in the sequence 

impedance responses. 

Most existing works on sequence impedance measurement 

ignore the frequency coupling between the positive- and negative-

sequence impedance responses [32]–[34]. Refs. [21]–[25] 

measured the sequence impedance including frequency coupling 
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in simulations, which bypasses many problems encountered during 

experimental measurements. Ref. [35] presented a method to 

experimentally measure the sequence impedance with frequency 

coupling of a grid-connected inverter. The authors represented the 

sequence impedance of the inverter by uncoupled positive- and 

negative-sequence SISO impedances that are dependent on the grid 

impedance. As elaborated in this paper, stability analysis using the 

grid dependent SISO sequence impedances is possible only for 

certain applications. Moreover, the SISO representation of the 

sequence impedance with frequency coupling cannot be used to 

aggregate the impedance responses of multiple components in a 

system, such as wind turbines in a wind power plant. The 

impedance measurement method presented in [35] requires three 

perturbation tests, each with a different value of the grid/source 

impedance, making the measurement process highly complicated 

and not feasible for large, utility-scale wind turbines and inverters. 

Changing the grid or source impedance for each perturbation test 

might also disturb the operation point. Ref. [36] demonstrated 

admittance measurement of a power converter in a stationary  

frame, which is related to but not the same as the sequence 

admittance. Moreover, the measurements were performed only up 

to 190 Hz. One major challenge in measuring the sequence 

admittance with frequency coupling is the presence of a nonzero 

voltage component at the coupling frequency—it appears because 

of the coupling frequency response in currents and the non-

negligible impedance of the electrical network at the terminals of 

the device under test (DUT). Refs. [37] and [38] proposed the 

active cancellation of the coupling frequency component in 

voltages by using a control loop in the perturbation source. This, 

however, unnecessarily increases the complexity of the 

measurement process, and the accuracy of the measured responses 

becomes dependent on the effectiveness of the active control loop. 

Above all, none of the existing works demonstrate the impedance 

measurement of utility-scale wind turbines and inverters and 

discuss the associated practical issues. 

This discussion shows that the fundamental theory for 

measuring the sequence impedance with frequency coupling is not 

yet fully developed. On the other hand, [21]–[23] showed that the 

sequence impedance with frequency coupling is mathematically 

equivalent to the dq impedance. This raises questions such as 

whether the sequence impedance is also associated with a reference 

frame, whether the sequence impedance measurement also 

requires at least two sets of linearly independent perturbation tests, 

whether the estimation of the grid voltage angle is important for 

the sequence impedance measurement, whether the value of the 

fundamental frequency during the impedance measurement 

impacts the measurement accuracy, and whether it is possible to 

measure the sequence impedance with frequency coupling without 

active cancellation of the coupling frequency component in the 

three-phase voltages. This paper answers these questions and 

presents a method for measuring sequence impedance with 

frequency coupling. The paper shows that the sequence impedance 

measurement faces the same challenges as the dq impedance 

measurement. The main contributions of this paper are as follows: 

1. The paper presents a method for measuring sequence 

impedance with frequency coupling. It uses two sets of 

linearly independent perturbation tests. Unlike the existing 

methods, the proposed method does not require cancellation 

of the coupling frequency component in voltages or a 

different grid/source impedance for each perturbation test. 

2. The paper presents the relationship between the MIMO and 

SISO forms of the sequence impedance with frequency 

coupling and demonstrates the derivation of the sequence 

impedance response for the SISO form using measurements 

obtained for the MIMO form. 

3. The paper shows that the sequence impedance of three-

phase active devices—power converters, synchronous 

generators, etc.—has a reference frame. It is also shown that 

the sequence impedance reference frame is related with the 

dq impedance reference frame. 

4. The paper demonstrates the alignment of the sequence 

impedance reference frame by an FFT analysis approach, 

which assumes the fundamental frequency to be fixed at 60 

Hz. The paper experimentally demonstrates the impact of 

this assumption on the measurement accuracy. 

5. The paper demonstrates the proposed method and practical 

problems associated with the sequence impedance 

measurement of utility-scale wind turbines and inverters on 

a 1.9-MW wind turbine and a 2.2-MVA inverter over a 

broad frequency range, from 0.1 Hz to 1 kHz, using an 

impedance measurement system built around a 7-

MW/13.8-kV grid simulator; a 5-MW dynamometer; and a 

medium-voltage, GPS-synchronized measurement and data 

acquisition system. To the best of the authors’ knowledge, 

this paper demonstrates for the first time the impedance 

measurement of utility-scale wind turbines and inverters. 

6. The paper experimentally validates the relationship 

between the dq and sequence admittances by comparing the 

dq admittance of a 1.9-MW wind turbine obtained by direct 

measurement with those derived from the sequence 

admittance measurements, thereby invalidating concerns 

raised in [39] on the validity of the relationship between the 

dq and sequence impedance/admittance models. 

The rest of the paper is organized as follows: Section II presents 

the MIMO and SISO forms of the sequence admittance with 

frequency coupling. Section III shows that the sequence 

admittance has a reference frame and presents an algorithm to align 

the reference frame with the grid voltage angle. Section IV presents 

a method for measuring the sequence admittance with frequency 

coupling. Section V validates the proposed method using 

numerical simulations and analytical models of a grid-connected 

voltage source converter (VSC). Section VI experimentally 

demonstrates the method on a utility-scale wind turbine and an 

inverter. Section VII concludes this paper. 

II.  SEQUENCE ADMITTANCE WITH FREQUENCY COUPLING 

A.  MIMO Form 

As shown in [21], three-phase active devices generally exhibit a 

frequency-coupled response because of the time-periodic nature of 

their dynamics: the injection of a positive-sequence voltage 

perturbation at a frequency, e.g., fp, produces a negative-sequence 

response at frequency fp–2f1 in currents in addition to the positive-

sequence response at frequency fp. A similar frequency-coupled 

response is present in currents for the injection of a negative-
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sequence voltage perturbation. Sequence admittance with 

frequency coupling can be defined as follows [21]–[23]: 

pp pn1 1

np nn1 1

( ) ( )( ) ( )
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p p
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where subscripts p and n, respectively, denote the positive- and 

negative-sequence components of three-phase voltages and 

currents. The sequence admittance matrix in (1) is denoted by 

YPN(s). This MIMO representation is the most general form of 

the sequence admittance with frequency coupling. 

The sequence admittance with frequency coupling can also be 

represented using four scalar transfer functions: 
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where Yp(s) and Yn(s), respectively, denote the standard 

positive- and negative-sequence admittances; and Ycp(s) and 

Ycn(s) denote, respectively, the transfer functions from the 

injected positive- and negative-sequence voltage perturbations 

to the response in the currents at the coupling frequency. The 

transfer functions in (2) and (3) are related to the elements of 

YPN(s) as follows: 
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n
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         (4) 

Although the four scalar transfer functions defined in (2) and (3) 

are mathematically identical to elements of the transfer matrix 

defined in (1), it quickly becomes intractable to handle the 

sequence admittances of multiple components in a network when 

they are represented using the scalar transfer functions; however, 

the representation of the sequence admittance with frequency 

coupling using the four scalar transfer functions is more intuitive 

for comparing the coupling admittances, Ycp(s) and Ycn(s), against 

the conventional positive- and negative-sequence admittances, 

Yp(s) and Yn(s), for determining when the frequency coupling in the 

sequence admittance can be ignored. 

B.  SISO Form 

The sequence components of three-phase voltages and currents 

at the terminals of a three-phase equipment can be related 

depending on the impedance of the grid at its terminals as follows: 

( ) ( ) ( )

( ) ( ) ( )
p p g

n n g

V s I s Z s

V s I s Z s

= − 

= − 
                            (5) 

where Zg(s) is the grid impedance. Substituting (5) in (1), the 

sequence admittance with frequency coupling of the equipment 

can be represented using two SISO transfer functions—

uncoupled positive- and negative-sequence admittances—that 

are dependent on the grid impedance Zg(s): 
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        (7) 

This SISO representation considerably simplifies the stability 

analysis because it supports the use of the simple Nyquist criteria 

and Bode plots for the analysis instead of requiring the generalized 

Nyquist criteria for the MIMO systems; however, the SISO 

representation is valid only if the grid or the source network does 

not exhibit frequency coupling in its sequence impedance, i.e., 

when the relations in (5) are valid. In other words, such a 

representation is valid if the small-signal dynamics of a converter-

grid system can be represented as shown in Fig. 1. Note that the 

SISO representation is not suitable for aggregating the sequence 

admittances of different components in a network. 

III.  REFERENCE FRAME OF SEQUENCE ADMITTANCE 

The sequence admittance elements that capture the frequency 

coupling—Ypn(s) and Ynp(s) in (1), and Ycp(s) and Ycn(s) in (2) and 

(3)—represent gains between the voltage and current perturbations 

at different frequencies. The difference between the frequencies of 

the voltage and current perturbations in the definitions of these 

coupling admittances is 21 rad/s (i.e., 2f1 in Hz). Because of this 

frequency difference, when the data window used for the FFT 

analysis slides over time, the phase of the voltage and current 

perturbations will change at different rates, which makes the phase 

of the coupling admittances time dependent. Moreover, because 

the frequency difference is 2f1, the phase of the coupling 

admittances varies with time in a periodic manner with the period 

of (2f1)–1. Hence, to obtain a meaningful response of the coupling 

admittances, they should be measured such that the data captures 

used for the FFT analysis for all perturbation tests align with the 

same point on wave of the fundamental components of the three-

phase voltages. In other words, the phase responses of the coupling 

admittances depend on the starting point of the data window used 

for the FFT analysis with respect to the fundamental component of 
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Fig. 1. Small-signal representation of a converter-grid system when the 

sequence impedance of the grid does not exhibit frequency coupling. 
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the Phase A voltage, i.e., on angle v1, defined in Fig. 2 [31]. 

Section VI shows that keeping v1 zero during the sequence 

admittance measurement is equivalent to aligning the d-axis of the 

dq reference frame with the Phase A voltage during the dq 

admittance measurement. 

The moving data window used for the FFT analysis basically 

defines the reference frame of the sequence admittance, and it 

should be aligned with the grid voltage angle. This can be achieved 

as follows. The Fourier component of a variable at an arbitrary 

frequency, f, when the FFT data window aligns such that v1 is zero 

can be related with the same Fourier component when v1 has a 

nonzero value, e.g., : 

1

v1 v10
[ ] [ ]

f
j

f
f f e

 
−   

 

 =  =
= X X                      (8) 

Eq. (8) can be used to compensate for the phase of the Fourier 

components so that all of them align with the grid voltage angle. 

IV.  MEASUREMENT OF SEQUENCE ADMITTANCE 

A.  Impact of Finite Grid or Source Impedance 

The independent measurement of the elements of YPN(s) by 

separately injecting positive- and negative-sequence perturbations 

requires that the voltage perturbation at the coupling frequency 

stays at zero. It is difficult to ensure this condition because of the 

finite impedance of the electrical network at the terminals of the 

DUT. This problem is similar to the existence of a nonzero q-axis 

component in three-phase voltages when a perturbation is injected 

in the d-axis, or vice versa, to measure the dq admittance response. 

The problem is solved for the dq admittance measurement by using 

two sets of linearly independent perturbation tests [17]. This paper 

proposes a similar approach for measuring sequence admittance 

with frequency coupling by using two perturbation tests. 

B.  Measurement of MIMO Sequence Admittance 

The flowchart shown in Fig. 3 describes the process of 

measuring the sequence admittance matrix, YPN(s), by using two 

perturbat on tests. For ea h  alue of the  om le  fre uen y ‘s’, two 

tests are conducted by injecting, respectively, a positive-sequence 

perturbation at frequency (s+j1) and a negative-sequence 

perturbation at frequency (s–j1). The measurement process is 

further streamlined using the fact that the injection of a negative-

sequence perturbation at frequency (s–j1) is equivalent to the 

injection of a positive-sequence perturbation at frequency (–s+j1) 

[2 ]; hen e, for ea h  alue of the  om le  fre uen y ‘s’, two 

perturbation tests are conducted by injecting a positive-sequence 

perturbation, respectively, at frequencies (s+j1) and (–s+j1). For 

both tests, the coupling frequency can be defined as fc = fp – 2f1, 

where fp is the frequency of the injected perturbation. This enables 

identical workflow for the post-processing of the measurements 

from both perturbation tests. 

The elements of YPN(s) are related as follows [21]: 
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Fig. 2. Graphic representation of the waveform of the Phase A voltage 
showing the relative position of an FFT window with respect to the 

fundamental frequency component. 
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Eq. (11) and (12) show that the measurement of YPN(s) at 

positive frequencies gives the response of Yp(s) and Ycp(s) at both 

positive and negative frequencies. The response of Yn(s) and Ycn(s) 

at positive frequencies can be derived from the response of Yp(s) 

and Ycp(s) at negative frequencies by using the following 

relationships [21]: 

*

*

cn cp

( ) ( )

( ) ( )

n pY s Y s

Y s Y s

= −

= −
                               (13) 

Hence, the response of the sequence admittance with frequency 

coupling can be completely described by the response of the 

positive-sequence direct and coupling admittances, Yp(s) and 

Ycp(s), at both positive and negatives frequencies. 

C.  Response of SISO Sequence Admittance 

Eq. (6) and (7) can be rewritten as follows: 
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Based on (14), the response of the grid-dependent, SISO, 

positive-sequence admittance, Yp(s, Zg), can be obtained at the 

complex frequency (s+j1) from the measured response of YPN(s) 

at the  om le  fre uen y ‘s’; hen e, the measurements of YPN(s) 

can be used to derive the response of Yp(s, Zg) at frequencies greater 

than 60 Hz. Similarly, it can be inferred from (15) that the response 

of YPN(s) can be used to obtain the response of Yn(s, Zg) at 

frequencies greater than –60 Hz. The response of Yp(s, Zg) between 

0 and 60 Hz can be obtained from the response of Yn(s, Zg) between 

–60 and 0 Hz using (13); hence, the measurements of the MIMO 

sequence admittance YPN(s) can be used along with the response 

of the grid impedance, Zg(s), to obtain the responses of the 

uncoupled positive- and negative-sequence SISO admittances, 

Yp(s, Zg) and Yn(s, Zg). Unlike [35], the proposed method achieves 

this without requiring different source/grid impedances for each 

perturbation test. 

V.  VALIDATION OF THE PROPOSED METHOD 

The proposed method is validated using numerical simulations 

of a 2.5-MVA/0.69-kV, grid-connected, two-level VSC. The 

circuit diagram and control system of the VSC simulated in 

PSCAD are presented in our previous work [40]. The parameters 

of the simulated VSC are given in TABLE I. Python and 

MATLAB scripts are developed to automate the sequence 

admittance measurement process described in the flowchart shown 

in Fig. 3 [1]. The Python scripts interface with the PSCAD 

software and sequentially inject perturbations at different 

frequencies defined in the input frequency vector. The MATLAB 

scripts are used to post-process the voltage and currents 

measurements obtained during the perturbation tests and derive the 

sequence admittance response. Fig. 4 compares the measured 

response of the sequence admittance of the simulated VSC against 

predictions by the analytical model reported in [21]. Fig. 4 also 
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Fig. 4. Response of the positive-sequence admittance, Yp(s), and coupling 

admittance, Ycp(s), of a 2.5-MVA grid-connected VSC simulated in PSCAD. 

The dots show the measurements obtained from simulations using the 
proposed method, and the solid lines show analytical model predictions. (a) 

The reference frame alignment algorithm is enabled; (b) the reference frame 

alignment algorithm is disabled. 
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demonstrates the importance of reference frame alignment in the 

sequence admittance measurement process by showing 

measurements when the reference frame algorithm is enabled and 

when it is disabled. Previous works on focussing on sequence 

impedance measurement failed to observe the impact of the 

reference frame alignment because they performed measurements 

in simulations where the reference frame is unknowingly aligned 

with the grid voltage when the injected perturbation signals are 

generated using an internal simulation time reference that is also 

used to generate the grid voltages at the fundamental frequency. 

Eq. (14) and (15) can be used to obtain the uncoupled SISO 

positive- and negative-sequence admittances of the VSC, 

depending on the impedance of the grid at its terminals, by using 

the measurements of the MIMO admittance, YPN(s), obtained 

using the proposed method. Fig. 5 compares the SISO positive-

sequence admittance, Yp(s, Zg), of the VSC for a weak inductive 

grid at its terminals with the short-circuit ratio (SCR) of 2, obtained 

using (14) and the measurements of YPN(s), against the response 

obtained by direct measurements. Figs. 4 and 5 validate the 

fundamental principles of the proposed method for measuring 

sequence admittance with frequency coupling.  

VI.  ADMITTANCE MEASUREMENT OF A UTILITY-SCALE WIND 

TURBINE AND AN INVERTER USING A GRID SIMULATOR 

This section demonstrates the sequence admittance 

measurement for a 1.9-MW wind turbine drivetrain and a 2.2-

MVA inverter. The accuracy of the measurement system is verified 

by measuring the sequence admittance of a medium-voltage, low-

pass harmonic filter whose parameters are known. 

A.  Measurement System 

Fig. 6 shows the 13.8-kV/7-MVA grid simulator, the 

controllable grid interface (CGI), at the Flatirons Campus of the 

National Renewable Energy Laboratory (NREL) in Colorado, 

United States; it is configured to sequentially inject perturbations 

at different frequencies superimposed on nominal voltages at 60 

Hz to measure the sequence admittance of the DUT. The CGI is 

 ustom des gned based on    ’s         med um-voltage 

drive technology. It features a 9-MVA active rectifier unit (ARU) 

at the utility side, which regulates the intermediate dc bus voltage. 

A controllable grid is established by four front-end, neutral-point-

clamped voltage source converters (NPC-VSCs), each with a rated 

output of 3.3 kV, connected in parallel. A specialized multi-

winding output transformer synthesizes 17-level voltage 

waveforms by combining the 3-level phase voltages from the 

NPC-VSCs and steps up the voltage to 13.8 kV.  

Fig. 7 shows the schematic of the admittance measurement 

system. The CGI is controlled by a real-time digital simulator 

(RTDS) using a fast 2-Gbit/s optical fiber interface, and it receives 

voltage reference signals over the optical fiber every 25 s; 

however, the equivalent switching frequency of the CGI and the 

sampling time of its control system limit the maximum frequency 

of the perturbations to 2 kHz. As shown in Fig. 7, a custom-

designed, medium-voltage data acquisition system (MVDAS) 

node is used to obtain the GPS-synchronized measurements of the 

three-phase voltages and currents at the terminals of the DUT at  

50-kHz sampling frequency. Fig. 8 shows the hardware inside the 

MVDAS node, which includes capacitive voltage sensors [41], 

Rogowski-coil-based current sensors [42], and a GPS-

 r d s de 
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Fig. 6. 13.8-kV, 7-MVA grid simulator, called the CGI. Source: Mark 

McDade, NREL. 

Fig. 5. The grid-dependent, SISO, positive-sequence admittance response of 
the 2.5-MVA VSC for a weak inductive grid with the SCR of 2 at its 

terminals. Black thin lines: response for an ideal grid; pink lines with circles: 

response for the weak inductive grid as derived from the measurements of 
YPN(s) and the grid impedance Zg(s); green dashed lines: direct measurements 

for the weak grid condition. 
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Fig. 7. Schematic of the impedance measurement system at NREL. 
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synchronized signal conditioning unit built around the National 

Instruments (NI) 9030 cRIO platform. Ten seconds of voltage and 

current waveforms are captured for each perturbation test and 

stored locally for post-event downloading, reference-frame 

alignment, and FFT analysis. 

Fig. 9 shows the 5-MW dynamometer at NREL that is used for 

the admittance measurement of wind turbine drivetrains. To 

measure the admittance at a specific operation point, the 

dynamometer operates the drivetrain at a desired speed, and the 

turbine control system sets its active and reactive power output.  

The entire sequence admittance measurement process described 

in Fig. 3 is automated using MATLAB software on a console PC, 

as shown in Fig. 7. Initialization inputs to the system include a 

vector with frequency points where the sequence admittance 

matrix, YPN(s), needs to be measured and another vector with the 

magnitudes of the voltage perturbations to be injected for different 

perturbation frequencies.  

Table II shows the key parameters of the grid simulator, a series 

RC harmonic filter connected at the terminals of the grid simulator, 

and the 1.9-MW wind turbine drivetrain.  

B.  CGI Filter 

This section demonstrates the sequence admittance 

measurement of the CGI filter, by keeping the DUT breaker open 

(refer Fig. 7), to verify the accuracy of the admittance measurement 

system. The positive- and negative-sequence admittances of the 

filter can be written as: 

1

1
( ) ( )p n f

f

Y s Y s R
sC

−

  
= = + 

  

                  (16) 

Note that the coupling admittances, Ycp(s) and Ycn(s), are zero 

for the filter. Fig. 10 compares the measured responses of Yp(s) 

and Ycp(s) with the analytical prediction; the measured response 

of Yp(s) exactly matches the prediction using (16), and as 

expected, the coupling part of the sequence admittance, Ycp(s), 

is practically zero at all frequencies.  

C.  1.9-MW Wind Turbine Drivetrain 

The sequence admittance of the 1.9-MW/0.69-kV Type III wind 

turbine drivetrain—including a front-end transformer that steps up 

the turbine voltage to 13.8 kV—was measured for a specific 

operation point: The drivetrain was operated at 1,490 rpm, and it 

was configured to deliver the power output of 1.5 MW and 0 

MVAR to the CGI. The synchronous speed of the wind turbine, 

calculated using the number of poles of the induction generator 

from Table II, is 1,200 rpm; hence, 1,490 rpm represents super-

synchronous operation and the slip of –0.24. Note that the 
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Fig. 9. 5-MW dynamometer. Source: Dennis Schroeder, NREL. 
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Fig. 8. Hardware inside MVDAS sensing node: a) voltage and current sensors; 

b) data conditioning built around NI 9030 cRIO platform. Source: NREL. 
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Fig. 10. Sequence admittance, Yp(s) and Ycp(s), of a three-phase RC filter 

connected at the terminals of the 13.8-kV/7-MVA grid simulator. Black thick 

lines: analytical model predictions; circles and triangles: measurements of 

Yp(s) and Ycp(s), respectively. 
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admittance of the wind turbine will be different for different 

operation speeds and power levels.  

The sequence admittance matrix, YPN(s), of the turbine is 

measured at frequency points between 0.1 and 940 Hz. Based on 

the flowchart shown in Fig. 3, this requires the injection of positive-

sequence perturbations at frequencies ranging from –880 Hz (= –

940+60) to 1,000 Hz (= +940+60). Note again that the injection of 

positive-sequence perturbations at negative frequencies is 

equivalent to the injection of negative-sequence perturbations at 

positive frequencies. The admittance of Type III wind turbines is 

very high at low frequencies because it is dominated by the leakage 

inductance of the generator; hence, the magnitude of the injected 

voltage perturbation is reduced for perturbation frequencies 

between –20 and +20 Hz to avoid the current response from 

becoming too high to violate the small-signal condition or trigger 

an overcurrent protection and trip the wind turbine. Fig. 11 shows 

the magnitude of different frequency components in three-phase 

voltages (line to neutral) at the terminals of the drivetrain for each 

perturbation test. Note that the fundamental frequency component 

is maintained at 7.9 kV; the perturbation and coupling frequency 

components are small enough to ensure small-signal perturbation 

condition; and the coupling frequency component is non-

negligible around the fundamental frequency—signifying strong 

frequency coupling. Fig. 12 similarly shows different frequency 

components in the output currents of the wind turbine drivetrain. 

Note that the coupling frequency response in the currents is higher 

than the perturbation frequency response around the fundamental 

frequency; this creates a coupling frequency component in 

voltages depending on the impedance of the source—in this case, 

the 7-MVA grid simulator. 

Fig. 13 shows the measured response of YPN(s). Based on the 

discussion in the previous section, the measurements of YPN(s) 

from 0.1 to 940 Hz can be used to derive the response of Yp(s) and 

Ycp(s) from –880 to +1,000 Hz. The responses of Yp(s) and Ycp(s) 

derived from the measurements of YPN(s) are shown in Fig. 14; the 

responses are shown only for the positive frequencies for clarity. 

Both Figs. 13 and 14 show the presence of significant frequency 

coupling at frequencies less than 200 Hz; in fact, at certain 

frequencies, the coupling admittance Ycp(s) is higher than the direct 

admittance Yp(s). This demonstrates the importance of using the 

sequence admittance with frequency coupling for the analysis of 

low-frequency control interaction and resonance problems.  

Fig. 15 experimentally shows the importance of aligning the 

sequence admittance reference frame. It compares the phase 

response of the coupling admittance, Ycp(s), with and without 

aligning the reference frame using the proposed algorithms. 
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1.9-MW wind turbine drivetrain during the injection of positive-sequence 

perturbations. I1: fundamental frequency (f1) component; Ip: perturbation 

frequency (fp) component; and Ic: coupling frequency (fc = fp–2f1) component. 
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Fig. 13. Measured response of the sequence admittance matrix, YPN(s), of a 

1.9-MW, 0.69-kV Type III wind turbine drivetrain. 
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Fig. 14. Measurement of the positive-sequence direct admittance, Yp(s), and 

the coupling admittance, Ycp(s), of a 1.9-MW Type III wind turbine drivetrain. 
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Clearly, the phase response obtained without aligning the reference 

frame does not provide any meaningful information. 

Fig. 16 shows for two different grid conditions the grid-

dependent response of the uncoupled SISO positive-sequence 

admittance, Yp(s, Zg), of the 1.9-MW turbine obtained using (14) 

and the measured response of YPN(s). An inductive grid is assumed 

to obtain these responses, and the corresponding grid inductance is 

obtained based on the SCR indicated in the figure. The response of 

Yp(s, Zg) is the same as the response of Yp(s) for a strong grid 

condition; however, it changes significantly as the grid becomes 

weaker. Note that the conventional positive-sequence admittance, 

Yp(s), does not account for the frequency coupling, whereas the 

grid-dependent SISO positive-sequence admittance, Yp(s, Zg), 

captures the frequency coupling in its response.  

To experimentally demonstrate the equivalence between the dq 

admittance and the sequence admittance, the dq admittance 

response of the 1.9-MW turbine is measured using the method 

presented in [15], and it is compared with the dq admittance 

response obtained from the sequence measurements shown in Fig. 

13 using the relationship between the dq and sequence admittances 

reported in [21]. Fig. 17 shows this comparison and verifies the 

relationship between the two approaches of representing three-

phase power systems. 

D.  Impact of Fundamental Frequency on Accuracy 

It is possible to maintain the fundamental frequency precisely at 

60 Hz when a grid simulator facility, such as the one presented in 

this paper, is used to perform the admittance measurement tests; 

however, this cannot be ensured when the DUT is connected to a 

utility grid and a series- or shunt-connected perturbation source is 

used to measure the sequence admittance. Fundamental frequency 

different from 60 Hz can introduce errors in admittance 

measurements through several paths: (1) when the length of the 

data window used for the FFT analysis does not contain an integral 

number of cycles of the fundamental, perturbation, and coupling 

frequency components, it will result in spectral leakage and cause 

errors in the measurements; (2) a non-nominal fundamental 

frequency that is not known can cause significant errors in the 

estimation of the grid voltage angle if the FFT-based method is 

employed assuming that the fundamental frequency is fixed at its 

nominal value. This will result in an incorrect alignment of the 

Fourier components with the grid voltage angle and cause errors in 

the admittance measurements. Fig. 18 shows the impact of the 

fundamental frequency on the sequence admittance measurements 

of a 2.2-MVA inverter at the front end of a 1-MW/1-MWh battery 

energy storage system at the Flatirons Campus of NREL. The 

figure shows the admittance measurements when the fundamental 

frequency is set at 60 Hz and 59.87 Hz, respectively, by the CGI. 

Clearly, the measurement accuracy suffers significantly when the 
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Fig. 15. Phase response of the coupling part, Ycp(s), of the sequence admittance 

of a 1.9-MW wind turbine drivetrain. Solid red lines: with reference frame 
alignment algorithm enabled. Dashed black lines: with reference frame 

alignment algorithm disabled. 
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Fig. 17. Comparison of the response of the dq admittance matrix, YDQ(s), of 

a 1.9-MW Type III wind turbine drivetrain obtained from the measurements 
of its sequence admittance matrix, YPN(s), (shown by blue lines) against the 

direct measurement of the dq admittance matrix (shown by pink circles). 
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Fig. 16. Positive-sequence SISO admittance, Yp(s, Zg), of a 1.9-MW Type III 

wind turbine for two different grid conditions obtained from the 

measurements of the sequence admittance matrix, YPN(s), and the grid 

impedance, Zg(s). 
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fundamental frequency is different from 60 Hz and the 

measurement process assumes it to be at 60 Hz.  

The errors in the grid voltage angle estimation can be mitigated 

by measuring fundamental frequency during sequence admittance 

measurements, for example, by using a PLL. Moreover, the 

measurement errors because of the spectral leakage can be 

minimized by using appropriate window functions [43]. The use of 

a PLL and different window functions to mitigate errors in the 

sequence admittance measurement when the fundamental 

frequency is different from 60 Hz and/or time-varying will be 

explored in a future work. 

VII.  CONCLUSION 

This paper presented a method for measuring the sequence 

admittance of three-phase electrical systems with frequency 

coupling effects including wind turbines, inverters, synchronous 

generators, HVDC converters, and power system networks with 

such active devices. The paper also compared different aspects of 

the sequence and dq admittance measurement processes. It showed 

that the sequence admittance has a reference frame similar to the 

dq admittance, and it should be aligned with the grid voltage angle 

for the accurate measurement of the sequence admittance response. 

An algorithm for aligning the sequence admittance reference frame 

based on the estimation of the grid voltage angle is presented in the 

paper. The paper also demonstrated the impact of the value of the 

fundamental frequency during testing on the accuracy of the 

sequence admittance measurements. The proposed measurement 

method can obtain the sequence admittance response in both 

MIMO and SISO forms. The proposed sequence admittance 

measurement method and practical issues associated with the 

impedance measurement of utility-scale wind turbines and 

inverters are demonstrated by measuring the sequence admittance 

of a 1.9-MW Type III wind turbine drivetrain and a 2.2-MVA 

inverter using an impedance measurement system built around a 7-

MVA grid simulator and a 5-MW dynamometer.  
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