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ABSTRACT

This paper proposes a coordinated control scheme of a stand-alone doubly fed induction generator (DFIG)-based wind energy
conversion system to improve the operation performance under unbalanced load conditions. To provide excellent voltage
profile for load, a direct stator flux control scheme based on auto-disturbance rejection control (ADRC) is applied, and less
current sensors are required. Due to the virtues of ADRC, the controller has good disturbance rejection capability and is robust
to parameter variation. In the case of unbalanced loads, the electromagnetic torque pulsations at double synchronous frequency
will exist. To eliminate the undesired effect, the stator-side converter (SSC) is used to provide the negative sequence current
components for the unbalanced load. Usually, proportional integral controllers in a synchronous reference frame are used to
control SSC. To simplify the algorithm, an improved proportional resonant (PR) control is proposed and used in the current loop
without involving positive and negative sequence decomposition. The improved PR provides more degree of freedom which
could be used to improve the performance. The effectiveness of the proposed control scheme has been validated by the
simulation and experimental results. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The doubly fed induction generator (DFIG) is widely used for variable speed generation and is one of the most important
generators for wind energy conversion system,'? in either grid-connected or stand-alone operation. Usually, three-phase AC/
DC/AC converter is employed as the power electronics interface, which consists of rotor-side and stator-side pulse-width
modulation (PWM) converters connected back-to-back. The main advantage for the wind power system based on DFIG is that
the power electronics converter is sized only for a part of the generator rated power, proportional to the operational speed range.

Nowadays, the grid-connected wind power systems based on DFIG have been studied widely,'”” whereas the stand-alone
systems®™'? are rarely raised as a problem for discussion. However, in rural communities and remote areas, the extension of grid
is not economically viable, and the power quality cannot fulfill the local power requirements. Therefore, with the backup
support from other generators, the stand-alone DFIG system would be more suitable to supply power for the isolated loads,
or supplement the real power demand of the grid by integrating power from resources located at different sites.

In the beginning, the self-excited power generation system based on squirrel cage induction machine offered several advan-
tages over conventional synchronous generators as a source of stand-alone power supply. These are lower cost, brushless rotor,
ease of maintenance, relatively high reliability and so on.'' However, the disadvantage is that the voltage and frequency are
difficult to control, and it should be equipped with reactive power compensation devices. Therefore, they are just sporadically
applied in new installations of large power. Although this wind power system can be controlled more simply with the develop-
ment of power electronics technology, the total cost of power generation increases greatly. In addition, a stand-alone wind
energy conversion system based on DFIG was reported in 1996,% where it was proposed to use vector-control scheme for
generating electricity, and it proved to be correct by experiments. The vector-control method described in the work of Cardenas

Copyright © 2012 John Wiley & Sons, Ltd. 317



Unbalanced operation of stand-alone doubly fed induction generators X. Li etal

etal’ replaced the mechanical encoder by an estimator based on model reference adaptive system (MRAS) observer. Besides, a
simple direct voltage control method of stand-alone operation was presented in the work of Iwanski and Koczara,'® which
required no rotor position encoder.

In grid-connected application, many research efforts have devoted to improve the performance of DFIG-based wind power
system under unbalanced grid voltage conditions. Because the negative sequence currents can produce torque and power pulsa-
tions at double synchronous frequency and localized overheat in the stator and rotor, this may result in acoustic noise and fatigue
on the mechanical components and reduce the system life cycle. Thus, to protect the machine, control systems for the operation
of DFIG under unbalanced grid have been reported in the works of Xu'? and Hu and He,'? where they focused on how to
effectively control the negative sequence currents of rotor-side converter (RSC) and/or stator-side converter (SSC) to eliminate
the torque pulsations. Usually, dual-current proportional integral (PI) controllers were employed by decomposing the positive
and negative sequence components.'* In the work of Hu and He,'? enhanced control and operation by using proportional
resonant (PR) controllers were implemented without involving the sequential decomposition.

However, in the case of unbalanced or nonlinear loads under stand-alone operation, DFIG-based wind power systems
also suffered from negative sequence or high order harmonic contents. Therefore, control methods for compensating the
effects of unbalanced load were presented in the works of Phan et al., Jain and Ranganathan and Pena et al.,”’16 and
the work of Jain and Ranganathan'® explored the potential of SSC functioned as an active power filter, which made DFIG
operation free from the impact of undesirable currents, but increased the control complexity.

In this paper, a coordinated control strategy for the RSC and SSC of a stand-alone wind energy conversion system based on
DFIG is proposed under unbalanced load condition. As for the RSC, auto-disturbance rejection control (ADRC)'” is used to
achieve the voltage control scheme indirectly. Then, from the control point of view, this paper gives a thorough analysis for
its feasibility and factors that affect the control performance. In order to suppress the impacts of unbalanced loads, the SSC takes
the responsibility for providing negative sequence currents for the loads, which makes DFIG operation free from negative
sequence components. Besides, a current control method based on improved PR controllers in the stationary reference frame
is presented, which makes the control design quite simple. Simulation and experimental results on a stand-alone wind power
system based on DFIG verify the correctness and effectiveness of the coordinated control scheme.

2. SYSTEM MODELING

The overall configuration of the stand-alone wind power system based on DFIG is depicted in Figure 1, which consists of the
wind turbine, DFIG, AC/DC/AC power electronics converters, filtering capacitors and load. In contrast to the classical grid-
connected system, the load does not mean the grid but the passive load. As for the converters, the RSC is used to ensure that
DFIG can obtain the output voltage with certain amplitude and frequency, and the SSC provides appropriate common DC-link
voltage for the power converters. Usually, to achieve the desirable output voltage, filtering capacitors are connected to the stator,
which is a part of the output low-pass filter together with the equivalent leakage inductance in DFIG.

According to Figure 1, the per-phase equivalent circuit can be drawn in the stationary reference frame, as shown in Figure 2.
Then, a detailed space-vector model of the stand-alone wind power system based on DFIG can be described as follows:
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— - s
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Figure 1. Configuration of the stand-alone system based on DFIG.
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Figure 2. Per-phase equivalent circuit of the stand-alone system based on DFIG.
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where (1)—(4) represent the dynamics of DFIG, (5) represents the characteristic equation of filtering capacitors, (6)—(7) indicate

. . . -
the mathematic models of the dual-PWM converter and the operator ‘-’ in (7) stand for inner product. u, 1 and iare the voltage,
flux and current vectors, respectively. R represents the resistance of each winding; subscripts s, r and g denote the quantities in

the stator, rotor and SSC, respectively. i_l;.dd is the load current vector, and Tg)the current vector flowing through filtering inductor
L, of the SSC. L and L, are the self-inductance of the stator and rotor windings, respectively. Ly, is the mutual inductance
between the stator and rotor. w, and o, are the system and rotor angular frequencies, respectively. V. is the DC-link voltage.

3. COORDINATED CONTROL OF RSC AND SSC

Nowadays, the grid-connected operation based on DFIG has been well developed. Usually, the real and reactive powers are
considered as control targets, which can be transformed into controlling the real and reactive components of stator current,
since the stator voltages are determined by the grid.

However, in the stand-alone system, the magnitude and frequency of the stator voltage should be controlled simultaneously
to guarantee the normal operation of load. Moreover, the control strategies will vary with the nature of load. For linear and
balanced one, the system variables are sinusoidal and easy to control; but if the unbalanced loads occur, a more complicated
control method, which is the focus of this paper, should be used to protect the DFIG system from negative sequence
components.

3.1. Power flow graph

The power flow graph of the stand-alone system based on DFIG is shown in Figure 3. According to principle of conservation of
power, the real powers in the system can be expressed as

Py =P+ P, ®)
P =P, + P )
Ps = Py — Pioss — Pr (10)

where P, Py, P, P, P. and P, are the real powers of the load, SSC, stator, rotor, common DC-link capacitor and mechanical
part, respectively; Py represents power loss including copper and core loss.
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Figure 3. Power flow graph of the stand-alone system based on DFIG.

Because of the unbalanced load, the load power can be expressed as P, = P, + P,, where P, and P, are the DC and AC
components, respectively. Therefore, the stand-alone system may operate in the following two modes depending on differ-
ent control purposes.

In the first mode, P, = Pg namely, the SSC is under balanced operation. According to (8)—(10) and neglecting the power

loss P, We have IE'S = f’o = IE'm — f’, and f’, = f’c. Besides, the electromagnetic torque that can be expressed as T, =

- = . . . .o .
1.517( Vs x 15) contains second harmonic content, because of the negative sequence component in is. Therefore, this

mode will cause torque pulsations and localized overheat in the machine.

In the second mode, f’g = P, namely, the AC component of the load power is provided by the SSC. According to (8)—
(10) and neglecting Py, wWe have P, =0and P, = i’g = —P.. Thus, the variables in the machine do not contain negative
sequence components, and the AC power just run back and forth between loads and DC-link capacitor. As a result, the un-
expected effect of energy distribution in other parts of the system can be avoided; this mode is adopted in this paper. How-
ever, it is worth noting that the AC power of the DC-link capacitor may increase, that is to say, the DC-link voltage would
oscillate more seriously.

3.2. Stator flux control for the rotor-side converter

In this section, the stator flux is considered as the intuitive control target instead of the stator voltage. However, the desired
stator voltage will be obtained consequently.
In order to ensure the normal operation of load, the stator voltage performance should be guaranteed first, namely, let

lim u, = u' (11)
1—00

N
Assume that the stator flux has been in the steady state through appropriate control and the stator flux i equals to its
—
reference ;, then (1) can be rewritten as
- . =
—_ Uy — jos Yy
S

R (12)

If the stator resistance is small enough, even though the rotor currents are unbalanced, the stator voltages can also be
considered symmetrical approximately.
Substituting (12) into (5) yields

u u . . - -
f = s SO Vs + Iy — lload (13)

dr =~ R, R,

where the last three items on the right can be regarded as a bounded disturbance in a unified way, Obviously, (13) is stable.

Therefore, when the stator flux reaches its steady state, the stator voltage will converge to _u);‘ automatically. In addition, the
filtering capacitors Cy are mainly used to mitigate the output voltage harmonics and to provide appropriate reactive power
for load. According to (13), the larger the capacitance is, the better the filtering performance is; however, it might slow
down the system dynamic response as well. Hence, the filtering capacitor should be chosen by considering the trade-off
between filtering performance, reactive power requirement and dynamic response.
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According to (3) and (4), the stator current and rotor flux can be expressed using the rotor current and stator flux as

-
= l//stmlr

14
is L (14)
— L
e = 0L 0 + (15)
S
LZ
where 0 =1 — o
Substituting (14) into (1) leads to
.
d Ri— RlLy— —
= . 16
dt LS lpb + Ls lr + u& ( )
Then, combining (2), (15) and (16) yields
di, RJIZ . — Ln(Ry . \—» — Lp—
5er7tr ( R: — L2 +]wr(SLr) I +£ (f: +Jwr> s+ U — TT Us (17)
Decompose (16) and (17) in the synchronous (D—Q) reference frame as
d RiLy,
%_ __lﬁbd+wlp5q+ lrd+u<d (18)
dy R RiLy, .
d;q = _L_:'ﬁsq - wslﬁsd + %qu + Ugq (19)
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where (18) and (20), (19) and (21) are the D and Q axes electric dynamic equations of DFIG, respectively.

In this section, ADRC is used to control the stator flux instead of the conventional dual-loop PI control. As in the work of

'7 ADRC consists of a tracking differentiator (TD), a state feedback combination (SFC) of proportional, integral and

differential errors and an extended state observer (ESO) for the total disturbance estimation and rejection. The goodness of
ADRC over PI control is that it can achieve the feedback linearization of dynamic system and improve the capability to
inhibit the error signal by nonlinear feed-forward compensation.

Since the control principles of ADRC in D and Q axes are similar, D-axis has been taken as an example to give design
steps in detail. Because the electric dynamics of DFIG can be regarded as a second-order system, the following second-or-
der state space representation is considered.

y=x
)&1 = X2 (22)
Xp =f(x1,x2,w(t),1) + bu

where x; is the system state, x, is the first time derivative of xy, y is the output, u is the control input, w(?) is the external
disturbance and b is the high frequency gain. f{x;, x, (), t) represents both the internal dynamics and the external distur-
bance of the system. If fix|, x,, @(?), ) can be observed by the ESO in real time, they will be actively compensated by
ADRC without the need to know its explicit mathematical expression.
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First, the D-axis system equations (18) and (20) should be transformed into the form as (22), namely,

y=x = lpsd
X1 =Y = X2
Xy = (Mx) + Nxp + wglisg + tisa +J) + (RyLun /0L L)ty (23)

Sx @ (1),0) bu
where

RsR; R, R, RJ?

ToLL " T L. oL, L2

Rr RsLm((Us - wr) . Lm
J = E (wsl//sq + usd) + (qu + . l:bsq>

Then, the corresponding control block diagram of the second-order ADRC is shown in Figure 4, where the reference v
and the output y are both considered as the inputs of ADRC and u is its output. Assume that the expected D-axis stator flux
is Y, which is equivalent to the reference v in Figure 4. Usually, a feasible second-order TD can be designed as

\}| =W

Vo = —r-sgn <v1 —v(r) +

V2 |vy (24)
2r

where r is a positive parameter. For simplicity, letv; = 7, and v, =0. Then, the SFC of proportional and differential errors
can be constructed as follows:

uy = k1€| + kzez (25)

where k; and k, are the control gains, usually, they could be selected as k; = w? and k, =2nw,, where . is the controller
bandwidth, and 7 is the damping ratio. From (23), the disturbance f{x;, x5, @(?), ) is viewed as an extended state variable
x3 =f(x1, X2, w(?), 1). Using z;, zp and z3 to estimate x;, x, and x3, respectively, the ESO can be designed as

e=2z1—Yy

=2 — ,316

% = z3 — Pofal(e, 01, 8) + bu (26)
73 = —fafal(e,0z,0)

where f;, 5, and 53 are observer gains, and fal(e,x,0) is a nonlinear function described by

e .
Pt |x|<o
el sgn(e), |20
where both o and § are positive values. Once the extended observer (26) is well tuned, its output will track the states and

disturbance with very small error, respectively. Then, ADRC can compensate the disturbance f{x;, x,, @(?), ) in real time in
the feed-forward manner. At last, the controller is designed as

Vl, O el,
% Yy
—» TD A SFC Plant >
v, - €y
Z;
Z
Figure 4. Control structure of the second-order ADRC.
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So, the D-axis stator flux control with ADRC is completed by the appropriate adjustment of various parameters. The
design of Q-axis controllers can also use the same method earlier, which is not discussed here in detail. Thus, the overall
schematic diagram of the proposed stator flux control is shown in Figure 5.

Neglecting the stator resistance and taking (1) into account, the steady-state equation is

its = jous (28)
Then, the expected stator flux i3, and l,//:q are

V= =0 (29)

Wy

As can be seen in Figure 5, to obtain the expected angular frequency w? = 314rads™!, the angular position of the stator

flux is set as 6, = J w{dt. The feedback 14 and 4, are calculated and transformed from

¥y = J (R )ar (30)

Moreover, since the stator resistance is ignored, the control accuracy of output voltage has decreased inevitably.
Therefore, a simple PI controller is used to correct the expected D-axis stator flux, i.e.

) | (]|

It is worth noting that the impact of stator resistance can be neglected only in the case of small stator current. Once the
output power increases, the stator voltage distortion caused by unbalanced stator current will be more severe. In that case,
the basic output voltage performance cannot be guaranteed, which is not allowed for the stand-alone operation. Therefore,
for the unbalanced load condition, the control of RSC should be complemented by the SSC.

| ” | Vdc

lp:d =

)dt 31)
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Figure 5. Schematic diagram of the stator flux control based on ADRC.
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3.3. Control for the stator-side converter

Under the unbalanced load condition, if the negative sequence components of the load currents are provided by the SSC,

. . . . . - — -
then torque pulsations and localized overheat in the machine will be eliminated. In that case, us and i, can be expressed as

—

uy = | uy| & (32)
Ty = it i eI (33)

where ig+ and i, are the positive and negative sequence components of _1;, in the stationary reference frame, respectively.
Substituting (32) and (33) into (7) yields

dVye 311—1. —|._ —|._ . —
Vdccd_: =P, — P = 3 H U zgd + ‘ Us |igq cos(2wst) + ‘ Us |igq sin(2wgt) — uy ® zr] (34)
Then, decompose (34) into the following two parts:
Wae o o (=l —
VaC dtd =P, — P = 3 <‘ U zg+d — U, e lr> (35)
dVee - dV -3 _ o
Vg C dtdc + V4aC dtdc =P, = 5 HZ g cos(2mst) + ‘75 o s1n(2cust)} (36)

where (35) represents the DC part and (36) is the AC part. Once (35) reaches steady state, V4c can be obtained by integrating
(36), which contains second harmonic content actually. However, this paper only considers V. as the need for control.

According to (35), the DC part of the DC-link voltage can be controlled by regulating igd properly. V4. could be extracted
through a low-pass filter or notch filter. For a fast dynamic response, a notch filter is used here.

Generally, the dual-loop PI controllers are used in the positive and negative sequence synchronous reference frames, respec-
tively. However, the sequential separation is indispensable, which makes the control design more complicated. There are two
methods usually used for the separation of the positive and negative sequence components. One is to use the transformation of
coordinates (ABC to D-Q) and notch filter. The other is the ‘signal delay cancellation’ method.'* However, whatever it takes,
the time delay and certain errors in amplitude and phase would be introduced inevitably, and then, the transient performance
would be degraded. For these reasons, PR controllers are used to regulate the current loop without involving the sequential
decomposition, which can reduce the computational effort and simplify the control algorithm.

According to the analysis earlier, the schematic diagram of the SSC control is shown in Figure 6. In the digital implement of
the PR controller, the impulse invariant discretization method is used to obtain the infinite gain at the desired frequency.'®!” As
PR controllers are capable of tracking sinusoidal signal precisely, first, decompose (6) in the stationary reference frame into

diy, .
L, j;ﬁ = Ugyp — Uszp — Rylgap (37)

Then, an improved PR control in Laplace domain can be designed from (37) as follows:

Ugap(5) = tsop(s) + (Rg — K)igup(s) + Fer(s) [i;o{ﬁ(s) - igocﬁ(s)] (38)

where the first term on the right of (38) is the feed-forward item and the second one denotes the local feedback that can be
regarded as a degree of control freedom. Besides, Fpr(s) = ky + kes/ (52 + wf) represents the PR controller, and k, and ;
are the proportional and resonant parameters, respectively.

The block diagram of the proposed PR control for the SSC is shown in Figure 7. Considering the time delay caused by
sampling and calculation, the open-loop transfer function of the PR control can be obtained as follows:

ky 1 ke s
Lis) = (A, P 39
(s) k‘cs+1( +kps2+w§)e 39

where 7 =L,/k and Ty, denotes the control delay time. When the cross-over frequency w. >> w, L(s) could be approximated as
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notch
filter

Figure 6. Schematic diagram of the SSC control based on PR.
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kp/kes + 1
L(s) = &7( o/kis +1)
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ZL(jor) = —5~ o Ip = -+ 0y

o o)

ke
L(jo.)| = -1
L) = 25

LOAD

(40)

(41

(42)

43)

where 0,,, is the required phase margin for system stability. If T has been determined, it is easy to complete the whole design of
the PR controllers. The larger 7 is, the faster the response is; the smaller 7 is, the less the steady-state error at the resonant
frequency is and the less sensitive to the frequency variation is. The Bode diagram shown in Figure 8 could verify the

correctness of the proposed design method.

In order to eliminate the negative sequence components in the stator currents, the negative sequence current reference of

the SSC should be

p

‘ gap

Figure 7. Diagram of the PR controller for the stator-side converter.
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Bode Diagram
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Figure 8. Bode diagram of the proposed PR controller.
e
lgdq - lodq (44)
where superscript ‘—’ denotes the negative sequence quantity. As i, =i, — i, considering the cost reduction of current
sensors, (44) can be written as
e e\
lgdqg = (i ls)dq (45)

However, as a part of the current reference, it is necessary to extract the negative sequence current components in (45).
Furthermore, as for the reference igH (superscript ‘+’denotes the positive sequence quantity), the D-axis current component
igd* can be obtained from the common DC-link voltage regulator, whereas the Q-axis current component i," depends on the
reactive power requirement, which has been beyond the scope of this paper. Here, let ig‘q* = 0 for simplicity. However, the

positive and negative sequence current reference quantities should be converted to the stationary reference frame first, then
added with each other, i.e.

ok b j0y c—k =0y .k
lgup = Tgag® " F g€ = gy T lgp (46)

Hence, PR controllers can be used to obtain the required control effect.
To prevent the damages to the converters from over-current and over-voltage, for the SSC, the reference currents are

2 2 2
revised as follows: if <z;a) + (z’g‘ﬁ) > I, then 12,; is set to z;ﬂ =4/12 — (’21) , where [, is the maximum permitted

m

current amplitude. Otherwise, they need not to be modified. The common DC-link voltage over-voltage protection is
realized by using the brake resistor (similar to crowbar). When the DC-link voltage is larger than a specific value, the brake
resistor starts to work until the DC-link voltage drops to a safe position. In fact, the brake resistor can be used to dissipate
the redundant energy in such a generation system.

4. SIMULATION

In order to verify the effectiveness of the proposed control scheme under balanced and unbalanced loads, some numerical
simulations using MATLAB/Simulink software have been carried out on the stand-alone wind power system based on DFIG.

In the simulations, the basic simulated configuration is shown in Figure 1, and the parameters of the DFIG are listed in
Table. I. The electrolytic capacitor C across the common DC-link is selected as 1000 pF, and the DC-link reference voltage
is set to 600 V. Besides, the values of the inductor and capacitor are SmH and 15 pF, respectively. The reference stator line-
to-line voltage of DFIG is 380 V/50 Hz.

326 Wind Energ. 2014; 17:317-336 © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/we



X. Li et al. Unbalanced operation of stand-alone doubly fed induction generators

Table . Parameters of the simulated DFIG.

Rated Power 3.7kW
Stator voltage/frequency 220V/50 Hz
Pole pairs 4

Rs 1.115Q
R. 1.083Q
Ls 0.2096 H
L 0.2096 H
L 0.2037H

4.1. Balanced loads

Under the stand-alone balanced load condition, the dynamic behaviors with load and generator speed variation are simulated on
the wind power system based on DFIG. Figures 9 and 10 show the simulation results of the stator voltage under ADRC and PI
control in the case of load variation. Before #=0.1 s, only the three-phase balanced series RL loads (R=40 Q and L=5 mH) are
connected to the stator terminal; during the interval #=0.1 ~0.14s, another three-phase balanced paralleled resistive loads
(R=30 ) are switched to the stator terminal; then, after 7=0.14 s, the paralleled resistive loads are removed. From Figure 9,
both the steady-state tracking performance and dynamic response of the stator voltage behave very well under the ADRC
strategy. The stator voltages can return to its steady state quickly with the step change load. The simulation result of the stator
voltages under conventional PI control with the same load variations is shown in Figure 10. By contrast, its dynamic response is
relatively slow and there exists obvious dynamic error during transients.

To test the response to external mechanical disturbance, assume that the generator speed varies according to the profile
shown as Figure 11. Before 1=0.1 s, the generator speed is set to 620 rpm (sub-synchronous mode), and during the interval
t=0.1~0.2s, the speed changes to synchronous speed 750 rpm; then, after 7=0.2 s, the generator starts to operate at the speed
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Figure 10. Simulation result of the stator voltages under Pl control in the case of load variation.

Wind Energ. 2014; 17:317-336 © 2012 John Wiley & Sons, Ltd. 327
DOI: 10.1002/we



Unbalanced operation of stand-alone doubly fed induction generators X. Li etal.

900

750

speed/rmp

700 B

650 | E

600 1 L L
0.05 0.1 0.15 0.2 0.25

Time/s

Figure 11. Speed profile of the generator.

of 880 rpm (super-synchronous mode). Figure 12 shows the stator voltage waveforms during a speed change of generator under
ADRC, and it can be seen that there exists almost negligible voltage variation. The corresponding rotor current waveforms are
illustrated in Figure 13. The simulation results show that as the DFIG operates at the synchronous speed during r=0.1~0.2s,
the rotor currents are almost DC currents. Meanwhile, the rotor currents have opposite phase sequence before #=0.1 s and after
t=0.2s, which corresponds to the natural properties of sub-synchronous and super-synchronous modes. Figures 14 and 15
show the simulation results of the stator voltages and rotor currents under PI control. As can be seen, the rotor current wave-
forms exhibit relatively smooth at the cost of inner current-loop control.

By comparisons between the two different control methods, it can be found that the control performance of ADRC is
superior to that of PI control in the case of load disturbance, but there are no obvious performance differences with respect
to the speed variation of generator. In addition, there are some oscillations in the rotor currents under ADRC, due to the lack
of direct rotor current feedback.
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Figure 12. Simulation result of the stator voltages under ADRC in the case of speed variation of generator.
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Figure 13. Simulation result of the rotor currents under ADRC in the case of speed variation of generator.
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Figure 14. Simulation result of the stator voltages under PI control in the case of speed variation of generator.
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Figure 15. Simulation result of the rotor currents under Pl control in the case of speed variation of generator.

4.2. Unbalanced loads

Under unbalanced load conditions, to verify the effectiveness of the coordinated control scheme of the SSC and RSC, some
simulations are carried out with and without compensating the negative sequence load currents. Here, before r=0.15 s, the
three-phase balanced series RL load (R=40 Q and L=5 mH) are connected to the stator terminal; during the interval
t=0.15~0.25 s, a per-phase paralleled resistive load (R =20 Q) is switched to A-phase, which forms the unbalanced loads;
after r=0.25s, the per-phase paralleled resistive load is removed. In this section, the improved PR control methods
proposed in the previous section are used.

The simulation results without compensating the negative sequence load currents are shown in Figures 1620, where the
stator voltages, stator currents, electromagnetic torque, common DC-link voltage and AC-side currents of the SSC are illus-
trated, respectively. From Figures 618, during the unbalanced load interval, serious stator voltage distortion occurs, the stator
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Figure 16. Simulation result of the stator voltages without compensation in the case of unbalanced load.
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Figure 18. Simulation result of the electromagnetic torque of DFIG without compensation in the case of unbalanced load.
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Figure 19. Simulation result of the common DC-link voltage without compensation in the case of unbalanced load.

currents are disturbed by the negative sequence components, and the electromagnetic torque pulsations increase, which will do
harm to the DFIG. Besides, some oscillations appear in the common DC-link voltage shown in Figure 19. Figure 20 shows that
the AC-side currents of SSC exhibit irregular fluctuations introduced by the negative sequence components.

When the negative sequence compensation method is applied, the corresponding simulation results are shown in Figures 21-25,
where the stator voltages, stator currents, electromagnetic torque, common DC-link voltage and AC-side currents of the SSC are also
illustrated, respectively. From Figures 21-24, by comparison with the uncompensated situations, there is no obvious voltage
distortion but a slight voltage dip in the stator voltages even during the unbalanced load interval, due to the negative sequence
compensation. The stator currents are improved and the electromagnetic torque pulsations are reduced greatly, which also proves
the accuracy of the proposed control scheme. The oscillation of the common DC-link voltage is induced by the AC power delivery
between loads and common DC-link capacitor. The AC-side current waveforms of the SSC show severe unbalance during the
unbalanced load interval, because they take the responsibility for the negative sequence compensation of load currents.
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Figure 20. Simulation result of the AC-side currents of the SSC without compensation in the case of unbalanced load.
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Figure 22. Simulation result of the stator currents with compensation in the case of unbalanced load.

With the aid of coordinated control, the SSC and RSC, the torque pulsation has been reduced greatly, and the balanced
stator voltage could be guaranteed successfully. Figure 26 shows the overall simulation result of the stator voltage with the
coordinated control.

5. EXPERIMENT

The experimental setup of a stand-alone DFIG system rated at 3.7 kW, as shown in Figure 27, composes of a DFIG, a back-to-back
converter, loads and a control board based on DSP TMS320LF2812. The DFIG is driven by an induction motor (prime mover)
controlled in speed mode, and its parameters are the same as those in the simulations earlier. For simplicity, the three-phase
unbalanced loads with R,=75 Q and R, =R.=25 Q that match the prime mover well are used in this experiment.
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Figure 23. Simulation result of the electromagnetic torque of DFIG with compensation in the case of unbalanced load.
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Figure 25. Simulation result of the AC-side currents of the SSC with compensation in the case of unbalanced load.

At first, the steady-state performance with respect to output voltage is tested under the unbalanced load condition. Figure 28
shows the experimental results of the output voltages in that case (at the rotor speed of 600 rpm), which have been balanced with
the proposed control scheme. Besides, the corresponding load currents, DC-link voltage and absorbed currents by the SSC are
shown in Figures 29 and 30, respectively.

To test the dynamic performance of the DFIG system with respect to load disturbance, R, is changed from 75 to 25Q
suddenly during the steady-state operation under unbalanced load condition, which means that the three-phase loads recover
to be balanced. The transient response of the output voltages and load currents are depicted in Figure 31. It can be found that the
output voltages only have a little fluctuation, which proves that the proposed control method behaves well in terms of the
dynamic performance. Moreover, when the rotor speed is changed from super-synchronous mode (760rpm) to sub-
synchronous mode (720 rpm), the corresponding output stator voltage and rotor current are shown in Figure 32. As seen, it
can be concluded that the output voltage is robust to the speed variation of prime mover.
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Figure 31. Output voltages and A-phase load current under the load variation.

6. CONCLUSIONS

In this paper, a new coordinated control scheme for the SSC and RSC to compensate for the unbalanced load of the stand-alone
wind energy conversion system based on DFIG has been proposed. Since ADRC is used to control the stator voltage achieved
by the RSC, the system dynamic response and steady-state performance has been improved because of the nonlinear high gain
ESO and SFC. In addition, there is no need of current sensor for rotor; so, it is a cost effective method. For the control of the
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Figure 32. A-phase stator voltage and rotor current under rotor speed variation.

SSC, an improved PR control design method is presented in this paper, which can provide more degrees of freedom in the trade-
off between the dynamic response and steady-state performance and also simplify the system control under unbalanced load
condition. With the negative sequence currents compensated by the SSC, the oscillations in the machine can be eliminated,
and the performance of the stand-alone wind energy conversion system is improved greatly. The simulation and experimental
results verify the effectiveness and correctness of the proposed coordinated control scheme.
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