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Abstract—The wind-photovoltaic (PV) hybrid renewable
energy system (HRES), which consists of permanent magnet
synchronous generators (PMSG) and PV arrays, is becoming a
cost-effective electric source for powering islanded areas. However,
high penetration of renewables makes the power system
vulnerable to transient voltage faults, which undermines the
stability of the future inverter-dominated grid. To address this
issue, a coordinative low-voltage-ride-through (LVRT) control
scheme is proposed for the operation of the wind-PV HRES in this
paper. This control scheme will exploit the maximum energy
inertia of the HRES for incorporating the power imbalance
between the faulted grid and the renewable generators. An
optimization problem is formulated to maximize the renewable
energy harvesting within the operational and environmental
limitations. To cope with different working conditions, four
control processes are coordinated in an optimized manner during
the LVRT period, namely (i) Adaptive DC-link voltage control, (ii)
PMSG rotating speed control, (iii) PV energy curtailment control,
and (iv) Blade pitch angle control. Besides, this control scheme
applies a direct output control that can generate stable and
accurate current as per grid code requirements. The results of the
hardware-in-the-loop (HIL) experiment and the MATLAB-
Simulink simulation are provided to verify the effectiveness of the
proposed control scheme.

Index Terms— Hybrid renewable energy system, low-voltage-
ride-through, power system faults, smart grid.

I. INTRODUCTION

HE depletion of fossil energy forces the power industries to

integrate the renewable energy sources to the power
systems. Typically, PMSG-based wind energy conversion
systems (WECS) and PV generation systems are prevailing in
the modern power grids. They deliver volatile and intermittent
energy to the grid, which threatens the grid stability and limits
their scale of integration [1], [2]. In order to pacify the
intermittency of the renewables, the wind-PV HRES has been
promoted for delivering electricity to remote or islanded areas
within the past two decades [3]. Compared with the
conventional sole-wind or sole-solar energy generation, this
HRES can achieve complementary daily and annual power
patterns between the WECS and PV generation system. This
leads to (i) smoothed net power generation of the HRES, (ii)
improved space utilization rate, (iii) reduced installation cost,
and (iv) prolonged lifetime of the energy storage system (ESS)
[4]. However, with the expanding proportion of HRES, it is
foreseeable that the stability of the utility grid, especially for the
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low-voltage distribution grid, will be compromised when grid
faults occur [5]. In view of this, sufficient LVRT capability of
the HRES is necessarily required by various grid codes for
assisting the generators to survive the faults. Specifically,
power electronic inverters are requested to operate with the
grid-forming functionalities [6]. Typical LVRT operation
criterions are summarized as shown in Fig. 1 [7]. As illustrated
in Fig. 1(a), the generators are required to maintain connection
with the main grid in case of voltage-dip circumstances above
the borderlines. Meanwhile, corresponding reactive current is
required to be provided based on the voltage sag depth at the
point of common coupling (PCC) as shown in Fig. 1(b).
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(a) LVRT operation criterions. (Without prejudice to generality, the strictest
German grid code is adopted in this work.)
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(b) Reactive current support. (When the voltage dip exceeds the dead zone,
2% of reactive current injected to the grid is commonly required for every 1%
of PCC voltage dip.)

Fig. 1. Various LVRT grid codes on the distributed renewable energy system.

A. Related Works

Many studies have been conducted on achieving a
satisfactory LVRT performance under the grid faults [6]-[24].
Recent LVRT strategies generally follow the stereotype of
separating the energy balancing control and the reactive power
compensation in a decoupled coordinate system. The decoupled
inverter output current control is reported in [8], [9] to generate
the required reactive current compensation in the synchronous
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rotating coordinate system. Symmetrical component method
[10], direct power control (DPC) [11] and model predictive
control (MPC) [12] have been adopted to decouple the control
of active and reactive power output of the grid-connected
inverters. Due to the operational limitations, the grid-tied active
power must be reduced to avoid overvoltage and overcurrent in
the system. To further extend the active power controllability
of the renewable generation systems, crowbar circuits [13],
braking resistors [14] and DC-choppers [15], [16] are widely
applied for the LVRT operation of PMSG and PV systems.
These methods are of low efficiency since the renewable energy
are deliberately dissipated as heat for fulfilling the operational
constraints. To avoid the energy dissipation, ESS (e.g. super
capacitors and batteries) are applied for buffering the energy
mismatch during the LVRT periods [17], [18]. However, the
aforementioned energy management methods demand extra
circuit components, which incurs implementation and
maintenance costs. The renewable power curtailment methods
of switching the generator-side converter to the non-maximum
power point tracking (non-MPPT) operation are introduced in
[19]. In order to improve the overall energy conversion
efficiency of renewable energy generation and accelerate the
post-fault recovery, the energy buffering capabilities of DC-
Link capacitors [7] and the rotating mass [12], [20] are
exploited in the PV and WECS system, respectively.

At present, few works on enhancing the LVRT capability of
the wind-PV HRES have been reported [21]-[24]. In [21], [22],
the crowbar circuit and the de-loading method are individually
activated for the wind and solar farms. Solar PV string inverters
are utilized as STATCOMs in the wind-PV HRES [23] only for

providing reactive power compensation in the voltage transients.

In [24], dynamic voltage restorer (DVR) is implemented for the
HRES to improve the LVRT capability with external circuits.

B. Main Contribution

In the review of the existing LVRT control strategies of the
HRES, the coordination between the WCES and the PV system
is extremely weak, which leads to the suboptimal utilization of
the embedded assets. Since the real power has a significant
effect on the local power supply, the voltage support in the
distribution network and power recovery acceleration after fault
clearance [25], the active power regulation must be further
discussed in the LVRT operation. Besides, the previous
research for the HRES still lacks consideration about LVRT
control under different environmental conditions.

In this paper, a novel coordinative LVRT control scheme is
proposed for the wind-PV HRES. It distinguishes itself from the
other reported methods with the following advantages:

» Energy harvesting is optimized in the LVRT operation.
Specifically, certain renewable energy will be stored in
the rotating mass and the DC-Link capacitor, which
leads to an improved energy conversion efficiency. In
the meantime, the safety constraints of the generation
system and specified reactive current injection (RCI) as
per the grid code are both satisfied. After fault clearance,
the stored energy will be released to the grid for assisting
the post-fault recovery.

» The designed controller is pro-active to different
environmental conditions and voltage dips. Four
different controllers, which are for the DC-Link voltage

control, PMSG rotating speed control, PV power
curtailment control, and blade pitch angle control, are
deployed to cope with different operating conditions and
faults for achieving the full use of system energy inertia
and optimizing the renewable energy harvesting.

» Direct output control, which is with an adjustable DC-
Link control structure, is proposed for the wind-PV
HRES, which can achieve the accurate and stable current
output of the grid-side converter (GSC) during faults.

This paper is organized as follows: In Section I, the wind-

PV HRES is introduced. In Section Ill, the proposed
coordinative control scheme for enhancing the LVRT capability
of the HRES is elaborated. The optimization principles and
different control modes are discussed. In Section 1V, the HIL
experimental results based on the Digital Signal Processing and
Control Engineering (dSPACE) are provided to verify the
functionality of the proposed LVRT control scheme. In Section
V, the simulation results are provided for comparing the
performances of the proposed and conventional LVRT methods.

Il. THE WIND-PV HRES IN THE DC-SHUNT TOPOLOGY

In this work, the PMSG-based wind turbine (WT) is adopted
instead of the doubly-fed induction generator (DFIG), since (i)
the industrial implementation of PMSG-based offshore wind
farms is increasing, and (ii) the DC-Link capacitor in the
PMSG-based WECS is larger than that in the DFIG-based
WECS, which improves the energy buffering capacity for the
LVRT operation. The model of the PMSG can be plotted in Fig.
2. It consists of the wind generation model, the permanent
magnet synchronous machine (PMSM) and the three-phase
controlled full-bridge rectifier.

Permanent Magnet
Synchronous Machine Model
.

Turbine-side
Rectifier (TSC)

- T
T g Grid-side
H i peeey — = == eConverter
i L (GSC)

J
Array-side
Boost Converter
(ASC)

Wind Generation
Model

V— i
B— Fr

Fig. 2. PMSG model diagram.

The DC-shunt connection of the HRES, where the PMSG
and the PV arrays are coupled at the DC bus, is becoming
popular in the state-of-the-art research due to the ease of
integration and the absence of power quality issues [26]. The
layout of this wind-PV HRES is plotted in Fig. 2 and Fig. 3(a),
where the PMSG and PV arrays are connected to a common
DC-link capacitor through the turbine-side converter (TSC) and
array-side converter (ASC), respectively. The DC-Link is
connected to the utility grid through a three-phase GSC and a
step-up transformer.

Normally, the wind-PV HRES is for generating the
consistent and reliable electric power to the remote/islanded
areas [26], where the system is usually connected with the low-
voltage distribution network (LVDN) [5]. In this application, it
is proved that the active current output of the GSC will have a
significant influence on the voltage support since the resistive
component of the line impedance is non-negligible [27]. In
addition, the sufficient local power supply in the fault and a
rapid active power recovery rate after the fault clearance are
recommended in the grid code [25]. Therefore, in this work, the
energy harvesting and the active current injection are prioritized
after fulfilling the specified RCI based on the grid code
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requirements.

I1l. PROPOSED COORDINATIVE LVRT CONTROL SCHEME FOR
THE WIND-PV HYBRID SYSTEM

The overall block diagram of the proposed coordinative
LVRT control scheme is illustrated in Fig. 3(b). Embedded
energy management controllers, which will be introduced in
Subsection IlILA, are coordinated in the proposed LVRT
operation. Direct output control will be proposed for ensuring
the accurate and stable output current regulation in Subsection
I11.B. After the fault is detected, the supervisory LVRT
controller optimizer will determine the optimized control mode
and structure based on the working conditions, which will be

Energy management
controllers

bC-
Lk TSC Asc

Fig. 3. (@) Wind-PV HRES in the DC-shunt topology. (b) The overall diagram
of the proposed coordinative LVRT control scheme.

A. Available Controllers for Safe LVRT Process and Energy
Management

When a PCC voltage dip occurs, the harvested excessive
energy will lead to overvoltage or overcurrent circumstances in
the system. To avoid this, the renewable generation is generally
stored or curtailed for the safe operation of the system. To boost
the energy conversion efficiency, the adaptive DC-Link voltage
controller and the PMSG rotating kinetic energy controller can
be applied to enable an active power buffering of the DC-Link
capacitor and the rotor mass. To avoid the renewables over-
energizing the HRES, the PMSG rotating Kinetic energy
controller, the PV power curtailment controller and the PMSG
blade pitch angle controller can be used to curtail the renewable
power output during faults.

1) Adaptive DC-Link Voltage Controller

Different from the conventional LVRT control scheme,
where the DC-Link voltage u,, is regulated to a constant value
of 1 p.u., the proposed control scheme will adaptively operate
ug, for buffering the power imbalance between the DC and AC
terminals. By the Law of Energy Conservation, the dynamic of
ug4. Can be described as

du,,
Cudc ds = ppv + ppmsg - pg 1

where C is the DC-Link capacitance. py,, Ppmsg and p, are the
instantaneous power of the ASC output, the TSC output and the
power transmitted to the GSC, respectively.

In the determination of the voltage rating of the DC-Link
capacitors, a design margin of 30-50% is preserved due to the
reliability and security concerns of the grid-forming GSC [28].
In view of this, in the proposed adaptive DC-Link voltage
control, the DC-Link voltage reference during the LVRT period
Ui can be temporarily higher than the nominal value for

storing certain energy in the DC-Link capacitors. The stored
energy EZ59" can be expressed as

E store — 1

cap E

C. (U vrt 2 iy norm2) =K 'tp (Prated — Pgref ) (2)

dcref dcref

where t, is the hold-up time of LVRT operation as per grid
codes. Uggrey is the nominal voltage of the DC-Link capacitor.
P,4teq 1S the rated power output of the GSC in normal operation.
Pyycr is the theoretical output power of GSC in the LVRT
operation, which is essentially the maximum allowable real
power output of the GSC with respect to the specific PCC
voltage fault. K is the slack coefficient to regulate the
percentage of extra energy stored in the capacitors. By (2),
Ué’;ﬁ;f can be calculated by using

= g+ 2

3
o )

The overvoltage circumstance can be avoided by choosing a
proper K. It should be noted that Ué‘;’,‘.ﬁzf is bounded by the

voltage limits of both the DC-Link capacitors and the active
switches. In comparisons with the conventional LVRT
strategies in the fault, certain renewable energy can be stored
without any additional components involved and the renewable
energy curtailment can be accordingly realized.

Once the fault is cleared, the Uy, Will be restored to the
nominal value, and the stored energy will be released to the grid.
Considering the MPPT algorithm is usually of slow dynamic,
this immediate release of the stored energy in the DC-Link
capacitors will potentially speed up the recovery of active
power output and improve the resilience of the power system.
2) PMSG Rotating Kinetic Energy (KE) Controller

In case of the voltage dip, it is desirable to store certain extra
energy as the KE of the rotating mass by accelerating the rotor
of the PMSG, as shown in Fig. 4(a). When the fault happens,
the PMSG can temporarily increase the rotor speed to transform
the wind energy into the KE. When the fault is cleared, the
stored energy in the rotor will be transferred to the grid via the
TSC, and the rotating speed is restored to the MPP. In the
meantime, this acceleration can curtail the output power
generation of the PMSG. The dynamic of the rotating speed can
be expressed as,

dw

2H a)a = Pm - Pe (4)
where B, and P, are the mechanical power and electromagnetic
power of the WT generator, respectively. H denotes the inertia

time constant of PMSG, which can be defined in (5),
H = Ja)f
2P,
where B, and w,, are the nominal power output and rotating
speed of the PMSG, respectively. J represents the joint inertia
that is the sum of the turbine inertia J, and the generator inertia

Jg-

It is reported that the effective rotor acceleration can be
achieved during the fault period [9], [30]. Besides, the wind-PV
HRES is usually connected to the distributed networks [5]. Its
power capacity is usually of the hundred-kW, which leads to a

J=3,+3, ©)
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relatively small inertia. Therefore, with the proposed control,
the HRES will firstly reduce the output power of TSC rather
than the power curtailment of ASC so that a considerable
amount of energy Ej°te will be stored in the rotor. The
correlation between E;;°r¢ and the rotating speed is described
in (6), where wy,,+ and w,,,» represent the rotor speed in the

LVRT and normal operation, respectively

store
Epmsg oc AC{) oc a)lvrt

2
norm (6)
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Fig. 4. (a) Wind turbine output characteristic. (b) TSC control block diagram.

As illustrated in Fig. 4(b), in the normal operation, the
rotating speed reference w,., is determined by the MPPT
algorithm. During the fault, w,.r is determined by a
supervisory LVRT control optimizer, which will be discussed
later. The TSC is controlled in the synchronous rotating (d-q)
coordinate system. Here, the inner-current control loops are
adopted to control the output current of the PMSG. The d-axis
current iy,¢qref IS aligned with the rotor flux direction, which is
consistently regulated at zero. Since the g-axis current is
approximately linearly related to the electromagnetic torque,
the g-axis current reference i,.q,cr is generated by the outer-
speed control loop, which can be expressed as

K
z(a)_a)ref)'(KPw+ a)) ()

where KP, and KI, denote the proportional and integral
parameters of the Pl  compensator, respectively.
Correspondingly, the duty ratios of U and uwqin the d-q frame
can be obtained by using

wtqref

.. KI,
Uyg =(thq—lwtqref) (KP + )+0)l//f +Loi,, (8)

Uy = (iwtd

where i,.4 and i,,., are the stator current in the d-q frame. L is

. Kl .
~ Dtdref ) : (prtd + SWtd )_ La)lwtq C)]

the inductance. ¥ is the magnetic flux. KPy;q, Klyta, KPyeq,
and K1, denote the PI parameters.

As shown in Fig. 4(a), when power curtailment is required in
the LVRT period, w,..; Will be increased to accelerate the rotor,
which will reduce the power generation of the TSC. In the
meantime, a considerable amount of wind energy can be stored
as the KE of the rotor.

3) PV Power Curtailment Controller

In normal operation, the P&O MPPT algorithm is applied to
generate the PV output current reference i,..r . A Pl
compensator is applied for regulating output current of the PV
array iy, t0 iyyper, I.€.

d,=@,- ™) (10)

where d,,,, is the duty ratio of the ASC. KPy, and Klyy are the
proportional and integral gains of the PI controller, respectively.

When the operating voltage exceeds the MPP, the output
power of the PV array is positively correlated with the PV
output current. Hence, if PV output curtailment is required
during the PCC voltage fault period, the PV output current will
be regulated below the MPP, as shown in Fig. 5. Since the
curtailed energy cannot be stored in the PV array, the PMSG
will be firstly engaged in the power curtailment during the
LVRT operation rather than the PV array. In this way, more
renewable energy can be stored and utilized to assist the power
recovery after the fault clearance.

T T
The PV output power can be

20 curtailed by appropriately adjusting
the PV output current

On the right side of the MPP, the \ pd Joadi
PV output power is approximately \ e-loading

PV Power (kW) )

linear with the PV current.

PV Voiatﬂage (%) ”
Fig. 5. PV power curtailment control in the LVRT period.
4) PMSG Blade Pitch Angle Controller
In case of a severe voltage dip limiting the power transferring
capacity of the GSC, the pitch angle controller of the PMSG
will be activated to mechanically curtail the harvested wind
energy and guarantee a safe LVRT process of the HRES. The
block diagram of the pitch angle control is plotted in Fig. 6. The
pitch angle is limited within 0° to 90° and its ramping rate is
set to be + 8%/s [29].

T R R E AR A
Ts+l
T Servo system Rate limiter and saturation
[0}

O—>]
®max
Fig. 6. Block diagram of pitch angle controller.

After detecting a severe voltage dip, the LVRT control
optimizer will regulate the pitch angle to a positive value for
curtailing the harvested wind energy. Considering that this
control approach renders irreversible energy losses and is
slower than the rotating speed control, it will be only activated
when all the aforementioned control approaches have fully
exploited the available energy buffering capacity of the HRES.

B. Direct output control

In order to accurately regulate the GSC output current during
the grid faults, a direct output control method is proposed, as
illustrated in Fig. 7.
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Fig. 7. Block diagrams of the direct output control for (a) the GSC (b) the DC-
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1) Derivation of Active and Reactive Current References

For the unbalanced voltage sag, the grid voltage w,p. =
[ ug up uc]T can be decomposed into positive-sequence voltage
u',. , negative-sequence voltage u,, and zero-sequence
voltage u%,., i.e.,

+ - 0
uabc - uabc + uabc + uabc -
sin(wt + 0 ) sin(wt + 0 ) sin(wt + 0 )
(11)
U'|sin@t-27/3+6) |+U | sin(et+27/3+6 ) |+U’| sin(wt +6°)
sin(ot + 27 13+0) sin(ot - 271340 ) sin(ot + 6°)

where U*, U~ and U° denote the amplitude of the positive-,
negative- and zero-sequence components, respectively. 8%, -
and 6° denote the corresponding initial phase angles. Similarly,
for the grid-tied current of GSC iy = [ iy ip ic]7, it can be
derived that

Iabc I i;ﬂbc + igbc (12)
where i}, iz, and %, denote the positive-, negative- and
zero-sequence current vectors, respectively.

In three-phase-three-wire system, i2,. is always zero.
According to the instantaneous power theory [31], the
instantaneous real power p; and imaginary power g; can be
expressed as

0 Ui, +Uu,i, +u.i,
=]t _ : :
qi T[(ua_ub)lc+(ub_uc)|a+(uc_ua)lb
8 (13)

P+ P.cos(2at) + P, sin(2amt)
(_3 +Q, cos(2at) + Q, sin(2amt)

where P and Q denote the average active and reactive power
outputs of the GSC. P, P,, Q. and Q, denote the pulsating

powers. In the synchronous rotating frame, the power
components in (13) can be expressed as
i - . . B -
P Uy Uy Uy U
ey + + - - +
Q u, Uy U, Uy ||l
- - + + i+
P |_ E U, Uq Uy Uq Iy 14)
- 2 - - + + f—
P U, —Ug U Uy |1
_ _ + |
QC UOI =Uy UOI =Uy Iq
- - + +
_Qs_ _—ud —Uq Uy uq |

where uj , us , uz, and ug; denote the sequential d-q
components of PCC voltage. Similarly, iy, iz, iz, and i
denote the corresponding components of the current injected to
the grid.

It can be observed in (14) that there are only four free
variables can be independently controlled. As the negative-
sequence current can result in the opposite magnetic field and

the asymmetrical load current, which is unacceptable by the
Transmission System Operator (TSO) [25], it is desirable to set
the control references of negative-sequence current I5,.., and

Igrer at zero, ie.,
|-

dref

=0 | e =0 (15)

In the unbalanced system, the voltage sag depth can be
defined as,

U,)" +U,)
2

U | (16)

U~ 1= 1
sag = rated J_ rated
where U,.qcq Is the rated PCC RMS voltage. U7 and Uy are
the RMS values of u; and ug, respectively.
According to the grid code, if the PCC voltage sag Usg, is
larger than 10% of U, 4¢eq, 2% of reactive current [ lzrfef must
be generated per 1% of voltage sag, which can be described as

Ivrt Usag
ngref =2 ’ Iraled 7)

u

rated

where I,4:.4 1S the RMS value of the GSC rated output current.

During the fault, the active power still needs to be generated
for maintaining local loads and potentially supporting the PCC
voltage in the LVDN. To convert as much renewable energy as
possible from the HRES to the grid during the fault, the power
electronic components can be temporarily operated above the
rated value for achieving a larger power transferring capacity.
In this paper, the apparent current of GSC is temporarily set to
be 1.1 p. u. during faults as illustrated in Fig. 8. Consequently,
the upper bound of the active current output of the GSC 17", -
can be calculated as

| Ivrt
gdref —

| Ivrt 2

gqref (18)

= J@1 1) -

12 1
Apparent current at
2 1lp.u.
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6 voltage < 0.5p.u.

Apparent current at
11pu.

More power
injected

Constant £
apparent current ~ 2

Constant
apparent current

More current
02 generated

0 0
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Voltage of PCC (p.u.) Voltage of PCC (p.u.)

@ (0)
Fig. 8. (a) Current-voltage and (b) power-voltage operating curves of the GSC.

In order to provide the required active and reactive power to
the grid, the active and reactive current references (i.e.,

dref
and Iy4rer) should satisfy that
— 3 .
P= E U Igdref Q - gqref (19)

By substituting (15) and (19) into (14), it can be derived that
Uy -P+u;Q
2 2
Lo | 2| (Ug)™ +(Ug)
+ ) + D A (20)
Iqref 3 Uq'P—UdQ
| (u5)7 +(ug)? |
By applying the current references calculated by (15) and
(20), the three-phase output current of the GSC will be
controlled to be balanced and symmetrical since only positive-

sequence components of the current exist both in the normal
and LVRT operation. Besides, the double-line-frequency
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pulsating power induced in the asymmetrical voltage fault
condition will be buffered by the DC-Link capacitors.
2) Direct output control under Grid Faults

For the conventional LVRT control strategies, the referenced
value of the GSC active current I, is generated by the DC-
Link voltage controller [8]. In the meantime, the referenced
power of TSC/ASC is mathematically calculated as illustrated
in Fig. 9 (see the blue arrows). It does not take the power losses
of the converters (which is around 5%-10%) into account.
Inevitably, this will result in the power injection to the grid
always being lower than the calculated renewable power
reference. Furthermore, due to the imperfect modeling of the
HRES, it is difficult to accurately determine the respective
power references for the PV arrays and wind turbines through
this open-loop mathematical calculation.

To resolve these problems, the direct output control, which
will directly regulate the positive and negative-sequence
components of GSC output current i, iz, i7 and iz with their
own single-PI control loops, is proposed as shown in Fig. 7(a).
Based on the dynamic characteristics of the GSC, the control
signals of positive or negative sequential components can be
obtained for achieving the decoupled control, i.e.,

+ + +d +
umd ud kpi 0 Idref
= + .
u’ u; 0 k'|1®

qref

(21)
-k +R —o L i
+ pi i g i
o L k™ +R ||i*
g 1 pi i
u, | [u, {k;ﬁ 0 }
= + qu
u u, 0 C T
! Pk (22)
-k ‘+R oL i,
+ pi i g i
~o L —k'+R || i
g i pi q
K, 1.
k+d 4K |:)er q % (23)

where g, Upng, Unmq and Uy, are the duty ratios in the d-q
frame. w, is fundamental frequency of the system, L; and R;
are the inductance and resistance of the filter, respectively. k;fl :
k;'lq, k, and k! denote the parameters of PI compensators of
the current control loops. The duty ratios will then be projected
onto the a-p frame for implementing the space vector pulse
width modulation (SVPWM) of the GSC. Different from the
conventional control, the Ij..r, Iger . Iarer and I, p are
directly calculated based on the grid code and circuit
operational limits, as shown in (15)-(20).

The dynamic of the GSC output current error e;’//; can be

designed to converge from its initial value e(0) to zero as
ot sLie(0)
| _d/q (S) 2
Ls*+Ks+K,
By applying the loop-shaping method, coefficients K; and K

can be determined based on the switching frequency and system
parameters.

(24)

As described in (1), the DC-Link voltage variation reflects
the power imbalance between the PV & PMSG power output
and the GSC power input. In the direct output control,
depending on the selected control mode, the DC-Link voltage
controller will be operated to generate the referenced rotating
speed of the PMSG, the referenced current of the PV array or
the referenced pitch angle, as shown in Fig. 7(b).

There are two advantages about this direct output control,
namely, (i) As illustrated in Fig. 9, the DC-Link voltage control
loop will automatically compensate for the power loss amidst
the energy conversion process from the renewables to the grid.
The intermediate benefit is the enhanced controllability of the
system and improved energy efficiency since a certain amount
of renewable generation is harvested for compensating for the
conversion loss. (ii) The direct derivation and implementation
of the current references of the GSC can lead to the accurate

and stable output current control.

TSC & ASC GSC
DC-Link Voltage Variation
_______ » Inverter Output

Energy

Calculated Prer | ponewable

Energy | Conventional: Pi=Pret ; Pg=Pref - Pioss
Harvesti
ervestng |«— - — Direct output control: Pr=Po+Pioss<Prpp ; Pg=Pre

Calculated Py
-

P, :power absorbed by renewable generators; Py: output power injected to the PCC
Pyt :active power required in the LVRT operation; Pj,ss: power losses in the converters

Fig. 9. lllustration of HRES power flows with the proposed direct output control
and the conventional control.

C. LVRT Control
Structures

The voltage sag induced by the faults will decrease the power
transferring capacity of the GSC, which congests the power
delivery of the renewables. To manage the energy flows of the
HRES and achieve a higher energy efficiency with respect to
different environmental factors (e.g., wind speed, solar
irradiance, and temperature), an LVRT decision optimizer is
proposed for maximizing the harvested energy under the
premise of ensuring the circuit safety and specified RCI
throughout the LVRT operation. Besides, a certain amount of
renewable energy can be reserved in DC-Link capacitors and
the PMSG rotating mass, which will be released after fault
clearance to accelerate the post-fault recovery. The formulation
of the LVRT optimizer can be expressed as

T
= [I pvref a)ref ﬂ ref U deref Igdref ngref ] (25-3)

Optimizer with Adjustable Control

Obj : argmax Ep * Epng (25.b)
2

subject to Py < va, Pomsg < Ppmsg (25.c)

0< I e <1, (25.d)

O SOy SOy, 0L B <P (250)

ngref Z I;\grtef ) Igdref < Iglg\grtef (25.9)

Ut <U e <Ugy (25.9)

In (25.b), E,, and Ey,p,s4 denote the energy harvested by the
PMSG and PV arrays during the fault, respectively.
Equivalently, it can be reformulated as

max. jfa”"P dt+ B 4+

store
pmsg  Ecap (26)
As shown in (26), in order to maximize the harvested

renewable energy during the fault, it is feasible to (i) inject the
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active power P, to the grid at its maximum permissive rate in
the specific voltage fault, (ii) actively engage the capacitive
storage EZ.5"¢ for buffering certain excessive renewable
generation, and (iii) make full use of the rotor inertia to store

the wind power in the form of kinetic energy E;27e.

The LVRT optimizer will generate the optimal references (i.e.

decision variable z), which includes control references of PV
current Ly,rer, PMSG rotor speed w,., pitch angle S, DC-
Link voltage Ugcre, active current Iyq..r and reactive current
Lyqres OF the GSC in the LVRT operation. wp,q, and Byq are
the maximum allowable rotating speed and pitch angle of the
PMSG, respectively. By, L5, Bymsg, and w* are the PV output
power and current, PMSG output power and rotating speed,
respectively, at the fault instant, when the HRES is still with the
MPPT control in normal operation. Practically, the sum of Pj,
and Py, is usually smaller than the rated power of the GSC,
ie.,

Prom = Py + Poss <P,

gnom pmsg — ' rated :3U I (27)

Pmax 1S the power generated by the PMSG when the
rotating speed is close to w,,,, . Considering the fault duration
Trauie 18 relatively short, e.g. several hundreds of milliseconds
or a few seconds, it can be assumed that the environmental
condition does not change during Tyq,. . Consequently, the
maximum allowable active power P, injected to the grid

during the fault can be derived as

3 N vr
Pgref - EU \/(11 Irated)2 - Ifllqrtefz

The proposed solution is illustrated in Fig. 10 and Table I of
the Appendix, which can be further explained in four modes
with self-adjustable control structures as follows:

() When Pg,.r = Ppmsg + Ppy, the TSC and ASC will still
be operated with the MPPT control. In this mode, the power
flows in the HRES are inherently balanced, and all the
renewable energy is injected to the grid.

(i) When Pgax + Ppy < Pgres < Ppmgg + Ppy , the
power flow from the renewables to the grid is congested. The
PMSG rotor will be accelerated so that certain wind energy will
be stored as the kinetic energy in a regenerative manner. Since
the excessive energy is completely buffered by the rotor, the PV
array can be operated in the MPPT mode. Compared with the
conventional control scheme, the unnecessary curtailment of
the PV generation is avoided, which improves the energy
efficiency. In the meantime, the direct output control is
activated in this mode. w,..r will be generated by the DC-Link
voltage controller.

(iii) When Pimax < Pgres < Pimax + Ppy, the PMSG
will be operated at the maximum rotating speed w4, - Since
all the energy storage capability has been exploited, the PV
output power will be curtailed for the system safety. The DC-
Link voltage controller is switched to generate required L,y

(iv) When 0 < Pg,or < Pgymay, the system will have to
mechanically curtail the energy harvesting with the pitch angle
control. In this mode, the PV power generation is ceased, while
the PMSG is operated at the maximum rotating speed. The DC-
Link voltage controller is switched to generate required f,..f.

rated ~ ! rated

(28)

Besides, in every control mode, the average voltage of DC-
Link capacitors will be increased to store certain extra energy
as the electrical potential energy, which can increase the energy
harvesting and accelerate the post-fault power recovery. The
specified reactive current based on the grid codes will be
injected to the PCC. It is worthy of mentioning that compared
with traditional separated control on the WT and PV systems
without coordination, more renewable energy can be stored
since the PV generator is only de-loaded when the PMSG rotor
reaches wy gy -

Prated Pgrer location

“Generally,
Prated > Pp: +P*

Mode 1
pmsg

'
—{>Mode 4

Fig. 10. Control mode selection according to the P,,.., location.

The flow chart of the proposed LVRT control scheme can be
plotted as shown in Fig. 11. When the fault is detected, the
system conditions at the fault instant will be recorded. Then the
LVRT decision optimizer will immediately determine the
optimized control mode and restructure the controllers
according to the voltage sag depth and system condition records.
The corresponding references will be calculated for the LVRT
operation based on the grid codes and circuit operational
limitations.

Normal Operation

MPPT control

Fig. 11. Flow chart of the proposed coordinative LVRT control.

IV. HARDWARE-IN-THE-LOOP EXPERIMENTAL VALIDATION

To achieve the real-time (RT) emulation of the destructive
grid faults and the responses in the large HRES, the HIL
experiments are conducted based on the dSPACE. The
configuration of the HIL test platform for validating the
effectiveness of the proposed LVRT control can be plotted as
shown in Fig. 12. The proposed control scheme is programmed
in a commercialized DSP (TMSF28069, TEXAS
INSTRUMENT). Its control signals (switching pulses) is fed
back to the FPGA, which is programmed with the dynamics of
the wind-PV HRES. The measurements of the wind-PV HRES
are delivered to the DSP via analog output terminals of the
dSPACE and A/D terminals of the DSP. The specifications of
the experiment setup are provided in the Table Il of the
Appendix.
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Fig. 12. dSPACE-based HIL.

A. LVRT Control under the Three-Phase Symmetrical
Voltage Sag with Various Environments

The proposed coordinative control will effectively manage
the embedded resources of the HRES with an optimized manner
during the LVRT operation. Four experiments under three-
phase symmetrical voltage dips of different severity are
conducted with various wind speed v and solar irradiance S. The
experimental waveforms are normalized and displayed as
shown in Fig. 13-16.

In the first scenario, the wind speed and solar irradiance are
set to be 10 m/s and 550 W/m?, respectively. When the fault
occurs, the PCC voltage drops from 1 p.u. to 0.8 p.u.. By
calculation of the LVRT control optimizer, the renewable
power generation will not over-energize the HRES under this
slight voltage fault. Therefore, the PMSG and the PV array are
still operated at the MPPs, as illustrated in Fig. 13. Meanwhile,
the DC-Link voltage is increased from 1 p.u. to 1.05 p.u. for
storing extra energy in the capacitors. After the fault is cleared,
the electrical potential energy stored will be released, which can
potentially accelerate the post-fault power recovery

Tek Prevu [ [ ]

* Energy stored in DC- capl
\

Ve (0.4p.u/div)

Ppv (0.4p.u./div)
Mk ot o st s g S L e

e

Fig. 13. Waveforrn results of the DC-Link voltage, the rotor speed, the GSC
phase current, and the GSC phase voltage--Mode 1.

In the second scenario, the wind speed and the solar
irradiance are 9 m/s and 850 W/m?, respectively. When the PCC
voltage drops from 1 p.u. to 0.65 p.u., LVRT control mode 2
will be selected by the optimizer since the PMSG has the
sufficient capability for system safety. As illustrated in Fig. 14,
the DC-Link voltage will be increased to 1.1 p.u. for storing
extra energy in the capacitors. Meanwhile, the PMSG rotor is
accelerated for curtailing the acquired wind power and
simultaneously buffering the wind energy as the kinetic energy.
With the direct output control, it can be derived that the GSC is
delivering the apparent current of 1.1 p.u. and the reactive
current of 0.7 p.u. to the grid during the fault. After the fault is
cleared, the DC-Link voltage and rotor speed will be restored
to the 1p.u., respectively.

Tek stop | 5 1 |
Energy stored in DC-ca|
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Fig. 14. Waveform results of the DC-Link voltage, the rotor speed, the GSC
phase current, and the GSC phase voltage--Mode 2.

In the third scenario, when the PCC voltage drops from 1p.u.
to 0.5 p.u., LVRT control mode 3 will be determined by the
optimizer since all the energy buffering capability of the PMSG
has been exploited. The rotor is accelerated to the w,,q,. AS
illustrated in Fig. 15, the DC-Link voltage is increased from 1
p.u. to 1.1 p.u. for storing certain energy in the capacitors. The
apparent output current of the GSC is increased from 0.45 p.u.
with the MPPT control to 1.1 p.u. in the LVRT control.
Meanwhile, the PV power generation is curtailed for the system
safety. When the fault is cleared, the MPPT control will be
resumed, and the DC-Link voltage will be restored to1lp.u.

Tek Prevu [ |

Vdc (0.2p.u./div)
Energy m DC-cap

+ PV output power curtailment Ppv (0.4p.u./div)
\ f !
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Fig. 15. Waveform results of the DC-Link voltage, the PV power, the GSC phase
current, and the GSC phase voltage --Mode 3.

In the fourth scenario, the wind speed and solar irradiance are
set to be 8 m/s and 800 W/m?, respectively. When the fault
occurs, the PCC voltage drops from 1 p.u. to 0.15 p.u.. Since
the output power capacity is extremely small in this severe
voltage dip, the LVRT control mode 4 is determined by the
optimizer. The output power of the PV array is curtailed from 1
p.u. to 0 p.u.,, while the output power of the PMSG is
mechanically curtailed to 0.2 p.u. in the fault, as illustrated in
Fig. 16. Meanwhile, the GSC delivers the apparent current of
1.1 p.u. with the reactive current of 1 p.u. to the grid during the
LVRT operation.
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Flg 16. Waveform results of the DC-Link voltage, the rotor speed, the GSC
phase current, and the GSC phase voltage--Mode 4.

B. LVRT Control under the Three-Phase Asymmetrical
Voltage Sag

An asymmetrical fault scenario is performed in the HIL
platform to further demonstrate the operations of the HRES
with the proposed LVRT control scheme. In order to better
illustrate the experimental results of the three-phase signals, the
data in the FPGA is recorded and transmitted to the host
computer, as shown in Fig. 12.

As illustrated in Fig. 17, an asymmetrical fault happens,
when the PCC voltage of phases a, b and c are decreased from
1 p.u. to 0.92 p.u. with 30°shift, 0.4 p.u. with 0°shift and 0.78
p.u. with -20<°shift, respectively. During the fault period, the
wind speed is 8.5 m/s, and the solar irradiance is 1000 W/m?.
The DC-Link voltage is increased from 1 p.u. to 1.07 p.u. to
store extra renewable energy as the electrical potential energy
of the capacitors. It is noted that the double-line-frequency
power oscillation caused by the asymmetrical PCC voltage is
absorbed by the DC-Link capacitor, as shown in the upper-left
side of Fig. 17. In this scenario, control mode 2 is selected by
the optimizer. Since the power curtailment of the PMSG can
effectively guarantee the system safety, the MPPT operation of
the PV array can stay intact, as shown in the bottom-left side of
Fig. 17. By calculation, the positive-sequence component of the
PCC voltage is decreased to 0.65 p.u. so that 0.7 p.u. reactive
current is generated in the GSC output current of 1.1 p.u., as
shown in the upper-right side of Fig. 17. As only positive-
sequence component exists with the proposed control, the three-
phase output current is symmetrical. When the fault is cleared,
both the DC-Link voltage and the power generation of the
PMSG are restored to their original values.

pacitorVoltage _ GSCphasecurent
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|
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Fig. 17. HIL experiment waveforms of the HRES system under the
asymmetrical voltage dip -- mode 2.
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V. SIMULATION STUDIES ON COMPARISONS BETWEEN THE
PROPOSED AND CONVENTIONAL LVRT CONTROL

The HRES with the DC-shunt topology is built up in
MATLAB-Simulink with specified system parameters shown
in the Table 111 of the Appendix. In the simulation, the proposed
and conventional LVRT control schemes are respectively
applied on the faulted HRES with the same control parameters
in the same controllers (see Table IV of the Appendix). For the
conventional control scheme, the PMSG and the PV array are
separately controlled without any coordination. However, the
PMSG and the PV generator are coordinated for achieving the
optimized operation with the proposed control.

A 0.56 p.u. voltage sag is simulated, when the wind speed
and solar irradiance are 7m/s and 900W/m?, respectively. As
shown in Fig. 18(b) and 18(d), the reactive currents and reactive
powers generated in these two control schemes are the same (i.e.
0.8 p.u.). However, the proposed control outperforms the
conventional controller at three aspects: (i) As illustrated in Fig.
18(c), the optimized solution to this fault with the proposed
control is accelerating the rotor and simultaneously operating
the PV array at the MPP. This can store more Kinetic energy in
the rotor mass. By contrast, the power generation of the PMSG
and PV array are both curtailed by 48% with the conventional
controller, which leads to a low efficiency and unnecessary
energy waste. (ii) Direct output control is adopted in the
proposed control. In this way, the active current output of the
GSC with the proposed control scheme is of higher stability and
faster dynamic response than that of the conventional control
scheme, as illustrated in Fig. 18(b). (iii) With the proposed
controller, certain electrical potential energy is stored in DC-
link capacitor, as illustrated in Fig. 18(a). This regenerative
energy can effectively accelerate the post-fault power recovery,
as illustrated in Fig. 18(d).

DC-Link capacitor Voltage ~ Output current of GSC
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voltage regulation = 10 with solution-oriented control
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Fig. 18. Comparison waveforms with the proposed coordinative LVRT control
and with the conventional LVRT control in the HRES.

VI. CONCLUSION

In this paper, a novel coordinative control scheme is
proposed for the LVRT operation of the wind-PV HRES. This
control scheme can fully exploit the energy buffering capability
of the HRES for delivering the required power to the grid and
optimizing the active power flows during faults. Specifically, it
can coordinate the operations of four different controllers,
namely, adaptive DC-Link voltage controller, PMSG KE
controller, PV power curtailment controller, and blade pitch
angle controller. With the embedded optimum operation
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strategy, the proposed control will improve the energy
efficiency of the system and accelerate the post-fault recovery
process. In addition, with the direct output control, the HRES
can accurately provide the required active and reactive current
with respect to various environmental conditions. Both the HIL
experimental and simulation results have verified the
functionality of the proposed control scheme.

VII. APPENDIX

TABLE | FOUR CONTROL MODES WITH THE
ADJUSTABLE CONTROL STRUCTURE
. Voltage
Mode PV PMSG DC-Link control
voltage output
w* Igdref
1 MPP g =00 >1p.u. (MPPT
N control)
> w W,y (direct
2 MPP B =00 >1p.u. output
- control)
D (Igyreft
e- Wmax irec
3 loading B =0° >Llpu output
control)
ﬁref
Winax (direct
4 0 B> 0° >1pu. output
control)
TABLE Il HARDWARE-IN-THE-LOOP VALIDATION
PARAMETERS
Component Specifications
Power rating 100kW PV & 160kW PMSG

Digital Controller
RT sampling period
Switching frequency

TMS320F28069 (80MHz)
2 us (8 ns in the FPGA)
20 kHz (50 us)

Main grid sampling period 500 us

Grid frequency 50 Hz

TABLE 11l PARAMETERS OF SIMULATION WORKS

Component Specifications

PV rated power 100kW at 1000W/m?, 25°C

PMSG rated power 160kW at 12m/s

PMSG max. rotating 9.6 rad/s (8 rad/s at 1 p.u.)

speed

DC-Link capacitor Cac=30mF

Inverter output filter L¢ =510 pH, R¢= 660 pQ,
LR filter

Rated phase voltage 220Vrms, 50Hz (Three-phase)

Nominal DC-Link voltage 750V

Switching frequency 20kHz

PCC rated current lrateq 560A (616A at 1.1 p.u.)

TABLE IV CONTROLLER PARAMETERS

Controller Proportional Integral
Gain Gain

GSC current loop 0.2 30

DC-Link voltage loop for

GSC current reference 2.3 50

(Conventional)

TSC rotating speed loop 50 300

TSC current loop 0.05 5

DC-Link voltage loop for

rotating speed reference 0.02 0.1

(DOC)

ASC current loop 0.01 0.4

DC-Link voltage loop for PV 12 14

current reference (DOC) '

DC-Link voltage loop for

pitch angle reference (DOC) 0.002 0.005

PMSG MPPT Optimal tip speed ratio
control

PV array MPPT Perturb & Observe method
(1ms)

Remarks: DOC is the abbreviation of direct output control.
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