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Abstract—This paper presents a cost-effective and resource-
efficient approach to emulate the dynamics of a direct-drive wind
turbine using a three-phase inverter. The fast responsiveness
offered by power electronics enables us to obtain a means of
high-fidelity wind turbine emulation. To accurately capture the
limits of valid emulation, a per-unitized model is introduced
whose base power can be adjusted. Analysis of the small-signal
normalized model reveals instability for turbine models that have
lower base values and whose small mechanical time constants
have insufficient timescale separation from the inverter controls.
The proposed approach is validated on a 1kW laboratory-scale
prototype.

Index Terms—hardware emulation, wind energy, small-signal
stability, direct-drive machines

I. INTRODUCTION

As the fraction of wind energy grows within modern grids,
it is necessary to realize experimental setups that capture the
behavior of wind systems in an accurate manner. However, this
objective is hampered by the fact that real wind turbine sys-
tems are impractically large for laboratory-scale experiments.
Accordingly, most observations are limited to simulations and
large-scale field experiments. This work aims to bridge this
gap by offering a convenient means of replicating wind system
dynamics in a purely electronic setting with reasonably sized
hardware that can fit on a bench. The lack of mechanical
hardware breaks down logistical barriers and reduces hazards.
Our approach encompasses the full chain of subsystems where
we start from the wind velocity itself and end at the machine
stator terminals. The various models are woven together, dis-
cretized, and programmed on a modestly sized converter. After
characterizing the stability of our approach and establishing
fundamental scaling limits, experimental results are shown on
a 1kW three-phase inverter.

The idea of wind-turbine emulation is old news and prior
methods generally rely on electromechnical setups with back-
to-back machines [1], [2], [3], [4], [5]. In such a setting, one
machine mimics the turbine and the other acts as a generator
that feeds downstream electronics. Such approaches suffer
from two main drawbacks. First, the use of multiple ma-
chines drives up costs, complexity, and resource requirements.
Secondly, the smaller machines in such systems necessitate
a torque compensation loop [6], [7] to match the inertia of
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realistic generators that are significantly larger in size. These
compensation loops may also introduce instabilities [8]. Our
approach bypasses these issues by eliminating all rotating
machinery and moving squarely to the domain of electronics.

Power-electronics-based emulation has been studied in the
context of compressors [9] and electric vehicles [10]. In such
works, a current controller is typically used whose reference
is derived from a virtual stator current that comes from a
digitized machine model. However, this method can be prob-
lematic at lower switching frequencies where current control
loops are slower and machine dynamics may encroach on the
timescales of the current loop. To mitigate this problem, the
paper in [11] presents a method where impedance is regulated
such that the inverter plant may be approximated as matching
the emulated machine plant. Our method circumvents these
challenges by the use of sufficiently high switching frequencies
with SiC devices which in turn enables fast current control.

The main contribution of this paper is twofold. First we
establish a detailed dynamic model for a direct drive wind
turbine that incorporates the inverter control for emulation.
Secondly, we derive fundamental limits that guarantee stable
closed-loop emulation. The rest of this paper is structured as
follows. In section II, we formulate the analytical dynamics
of the wind turbine system in which the wind, turbine,
and synchronous generator physical models are included. An
emulation controller relying on such model is then proposed
for implementation on three-phase inverters. In Section III, the
stability of such a controller is assessed with varying system
power scalings. Finally, the emulation controller is validated
on hardware in Section IV.

II. SYSTEM MODELING

A. Electromechanical System

For this paper we consider a direct-drive wind turbine
whose model encompasses the blades, hub, and synchronous
generator. The system of interest is illustrated in Fig. 1 [12].
Notationwise, the subscripts b, h, and g stand for blade, hub,
and generator, respectively. Additionally, J,, d,, and w, are
the inertia, self-damping, and rotational speed, V « € {b,h, g},
respectively. Furthermore, dy, k.y, and T, are the damping,
stiffness, and the torque on the shaft, respectively, between x
and y where, z,y € {b,h,g}. Rotational dynamics are then
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Figure 1: System model which consists of a three-blade wind turbine, hub, and generator is shown with appropriate coupling

between the mechanical and electromechanical systems.
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where the index ¢ denotes the ¢-th blade for a three-blade wind
turbine and the d- and g-axis flux linkages are

wq = Lqig,qa Q/Jd = Ldig,d + Qsm

The dynamics of the angle between the blade and hub, Oy, ;,
and the hub and generator, 6,5, are expressed as
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where Gy,; = [(wp — wn)dt and Ohg = [(wh — wg)dt. Wind
power may be expressed [13] as

1
P, = ian%;’;Cp(A, B), (3)

where p is the air density, R is the radius of the circle swept
by the wind turbine, and vy, is the upstream free wind velocity.
The power coefficient, C,(A, 8) is obtained as

Co(N, B) = c1 (cahi — 3B — ca) e N )

where the constants are ¢; = 0.5176, ¢ = 116,¢c3 = 0.4,¢c4 =
5,c5 = 21, and ¢g = 0.0068, and B is the pitch angle in
degrees. The tip speed ratio, A, and the variable \; are given
by

\ = wa’ 1 0.035
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The PMSG dynamics is given by
d . .
Lq %Zg,d = Rgzg,d + pwg"/}q — Vg,d 4)

d . )
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where p is the number of pole pairs, R, is the coil re-
sistance, 1q and 14 are the flux linkages on the d- and
g-axis, respectively. Lq and L, represent the d- and g-
axis inductance respectively. A three-phase electrical signal,
Tabe = [Ta,Zp,7¢]! and its corresponding signal in dg-
frame, Tqq = [Td,74]  are related as Tape = ' (0g)Zdqs
where 6, = fg wgdo, and T'(fg) is defined as:

2 [ cosfy cos(fy—32)  cos(0y— 4F)
L(0) = 3 |—sinfy —sin (0 — 327”) —sin (0 — ?%”)

B. Emulation Using a Three Phase Inverter

A three-phase inverter is used to mimic the behavior of
a wind turbine. As shown in Fig. 2, a microcontroller im-
plements the dynamical equations in (la), (1b), (Ic), (2a),
and (2b) at an interval of 1 millisecond. The input to these
dynamical equations is the wind power, while the output is
the torque, Tj,e, which is then fed to the mathematical model
of PMSG given by (4)—(5). To establish an exact mapping
between the wind turbine system and the three phase inverter
with its inductive filter (shown in two gray boxes in Fig. 2), we
do two things. First, the mathematical model of PMSG in (4)-
(5) is solved, where we substitute vy qq = vVo,dq. Secondly, a
current controller regulates the inverter current, iq4, such that

o . P
ldq = —lgdq = 4 = “lgdy g = “lggq (6)

To that end, we use a proportional-integral (PI) controller with
a proportional and integral gain, k, and k;, respectively. For
a current control bandwidth of wy,,, the controller gains are
chosen as k, = wpwl and k; = wyy R. Feedforward and
decoupling controls are incorporated into the control system.
To avoid overcurrents, the commands of the current controller
are restricted by a saturation block and a related anti-windup
mechanism, where we set I, = 15A. Using the integral
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Figure 2: Power electronics emulation of the blade, hub, and permanent magnet synchronous generator on a digitally-controlled

1 kW three-phase two-level inverter.

states Yaq = [Ja,%q]" = [idq — %dq) the averaged switch

terminal voltages are as follows:
vq = kp¥a + kivd + Vo,a — wilig, 7
Vq = kpYq + ki + Vo,q + wliq
Ignoring switching delays, the inverter is modulated to ensure
that the three-phase switch terminal voltages are equal to
Uabe = I'(0g)vaq- The dynamics of inverter current, i4q,
capacitor voltage, v,,4q, and output current, i, 44, 1S given

by [14]
e Rt PR
A I [ e
o ] Rl

where the terminal voltage, eqq can be written as eqq =
Ryio.aq, When a three phase resistance, R, is connected at
the output of the three-phase inverter. Under perfect tracking,
when the inverter-side current, iq4, matches the machine cur-
rents, iz dq, the machine terminal voltage, vg qq becomes equal
to the capacitor voltage, v, 4q. Unlike the slower mechanical
dynamics of the turbine, the electrical dynamics of the PMSG
and the current controller is implemented once every 50u sec.

III. STABILITY ANALYSIS

A perfect emulation can be ensured as long as the fastest
time-constant in the emulated system is sufficiently slower
than the current controller bandwidth. In particular, for smaller
power turbines, the mechanical time constants, J,/d, and
dgy/key become comparable to 1/wy,. To capture this insta-
bility and obtain bounds on emulation, we now introduce a per-
unitized model whose the base quantities for power, voltage,
and frequency is defined as Sg, V3, and wg, respectively. The
base quantities of torque, 7, and impedance, Zp, are obtained
from the following equality Sp = Tpwp = 3V§ /Zg. Both
inertia (J,) and damping (d, dyy) have Sp /w%3 as their base
quantity, whereas the base for stiffness coefficient (k) is Tg.
Finally, the base for flux linkage, ¢y, is Vg /wp. Using these
base quantities, we per-unitize the dynamical system discussed
in Section II where details of the system inertia, damping, and
stiffness constant are shown in Table I. Thereafter, a small-
signal stability analysis of the normalized system for various
base power is used to demonstrate the boundaries of stable
emulation. We gather the dynamics of the nonlinear system
into & = f(x,u) where x € R'® is composed as

T = [wba Wh, Wg, 0bh7 ohga Z‘g,dq7 idqa Ydq> Vo,dq> Z.o,dq]

and f(z,u) is the nonlinear flows delineated in Sec. II. The
wind velocity, vy, is the external input, u. We set f(z,u) =0
to obtain the equilibrium solution z¢, and denote the Jaco-
bian matrix J := Jf(z,u)/0x. To analyze the small-signal
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Figure 3: Eigenmap of per-unitized wind turbine emulation
system shows dominant eignevalues approaching right half
plane at lower base powers.

stability of the system for a given wind velocity, vy, and a
given system base power, Sp, we examine the corresponding
eigenvalues of J (Teq, Vw ).

Fig. 3 (a) shows the eigenvalues as the system power is
varied. As we attempt to replicate smaller power rated wind
turbines, the related mechanical time constants increase and
begin to interact with the inverter’s current control loop. As
shown in Fig. 3 (b), this interaction becomes unstable for
a critical power of 0.072 pu when the largest eigenvalues
become positive.

IV. EXPERIMENTAL RESULTS

To validate the proposed emulation technique, the set-up
shown in Fig. 2 implemented with a 1 kW three phase
inverter. Ideally, this setup would connect to a test direct-drive
inverter; however, for simplicity, we use a passive load to draw
power from the emulated wind turbine system. In Fig. 4 we
demonstrate that as the wind velocity is increased from 2 m/s
to 14 m/s, the power flow is increased, which is reflected in
the dc currents, i4., and the ac currents ¢, 4. With increasing
power, due to the emulated dynamics, as expected, the PMSG
voltage as well as its frequency increases, as shown by the
zoomed waveforms in Fig. 4 (b). When the wind velocity is

Table I: System Parameters

\ Symbol Description Value Units
SB Base power 1 kW
VB Base voltage 100 v
5| ws Base freq. 60 Hz
§ sw Switching freq. 100 kHz
S| L, Lo Inductance 122,33 pH
R, R, Resistance 0.4,0.1 Q
C Capacitance 7 uF
Vic Input dc voltage 300 v
Whw, i Controller BW 2000 Hz
R, Load resistance 22 Q
R Blade radius 3 m
p Air density 1.204 kg/m®
gl s Pitch angle 0 deg.
£l b Blade inertia 0.7394 kg-m?
= Jn Hub inertia 0.0132 kg-m?
Bl Je PMSG inertia 0.1642 kg-m?
2| dy,dn,dg  Self-damping [5,12,12] x 107%  kg-m?%/s
dpn,dng ~ Damping 13.89,11.57 kg-m?/s
Eun, kng  Stiffness 349.9,509.5 kg-m?/s>
P Pole pairs 2
O w™ Nominal speed 542.99 rpm
%’ La, Lq Inductance 0.02,0.04 H
A Rg Resistance 0.01 Q
¢m Peak flux 0.833 V/(rad/s)

successively ramped down, the decrease in power is captured
in Fig. 4 (a). We successfully demonstrate robustness of the
emulation against a sudden load transient, we switch between
two load resistance of 222 and 9 Q2 at the peak wind velocity
in Fig. 4 (c). To demonstrate the instability that sets in for
emulating lower power rated wind turbines, we vary the wind
velocity from 6 to 14 m/s for three different base powers of
1 pu, 0.18 pu, and 0.1 pu. Corresponding results for each
base power is shown in Fig. 5 (a), (b), and (c), respectively.
At 1 pu power, the emulation is consistent regardless of the
wind speed. However, for 0.18 pu power, instability begins to
occur at very high wind velocities, while for 0.1 pu power,
the emulation is unstable at all wind speeds. The mismatch
between the theoretical (0.07 pu) and experimental (0.18 pu)
critical power can be attributed to the linear approximation of
the nonlinear system dynamics where eigenvalues close to the
imaginary axis of the linearized system cannot conclusively
predict a corresponding stable nonlinear system.

V. CONCLUSION

We demonstrated a dynamic wind turbine emulation using
a three-phase inverter for direct drive applications. We used
a small-signal stability analysis of the per-unitized model to
check the boundaries of feasible stable emulation. Specifically,
we demonstrated that, at low per-unit power, the mechanical
time constants interact with the current controller of the in-
verter, causing an unstable emulation. We verify our proposed
approach on a 1 kW inverter.
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Figure 4: Experimental results demonstrate the wind emulation implementation for wind velocity ramp from 2 m/s to 14 m/s
with a fixed load resistance in (a) and (b). In (c) we show a stable emulation during a load transient at the peak wind velocity.
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Figure 5: Instability in emulation is demonstrated for progressively decreasing base powers. Emulation is stable for 1 pu power
in (a), unstable for 0.18 pu power at higher wind velocity in (b), and unstable for 0.1 pu power at all wind velocities in (c).
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