31

32
33
34
35
36
37
38
39
40
41

IEEE TRANSACTIONS ON ENERGY CONVERSION

A Hierarchical Control Strategy With Fault
Ride-Through Capability for Variable

Frequency Transformer

Bharath Babu Ambati, Parag Kanjiya, Vinod Khadkikar, Member, IEEE,
Mohamed Shawky El-Moursi, Member, IEEE, and James L. Kirtley Jr., Fellow, IEEE

Abstract—A variable frequency transformer (VFT) is being con-
sidered as a new alternative to the classical back-to-back high volt-
age direct current (HVDC) system for interconnection of two asyn-
chronous networks. The VFT is a retrospective form of frequency
converter using the wound rotor induction machine (WRIM),
which converts the constant frequency input into a variable fre-
quency output. The prime objective of VFT is to achieve controlled
bidirectional power transfer between the two asynchronous net-
works. This paper presents a detailed working principle of VFT
technology and proposes a new hierarchical control strategy for es-
tablishing the VFT connection with two power systems to achieve
bidirectional power transfer between them. Also, to restrict the grid
fault propagation from one side of the VFT to the other side, a series
dynamic braking resistor based fault ride-through (FRT) scheme
is proposed. The performance of the VFT during synchroniza-
tion process, steady-state, dynamic, and the grid fault conditions is
evaluated using the real-time hardware in-loop (HIL) system. The
plant is simulated in real time using OPAL-RT real-time simulator
while the control algorithm is implemented in digital signal pro-
cessor to carry out HIL study. All the important results supporting
the effectiveness of the proposed control strategy and FRT scheme
are discussed.

Index Terms—TFault propagation, hierarchical control, power
flow control, rotating transformer, series dynamic breaking resis-
tor (SDBR), variable frequency transformer (VFT).

1. INTRODUCTION

N GENERAL, the interconnection of two different power
I networks with controlled power transfer capability can be
achieved by a synchronous tie using a phase-shifting trans-
former or by an asynchronous tie using classical back-to-back
high voltage direct current (HVDC) link. In the modern power
systems, establishing a synchronous tie between two power net-
works would be a challenging task especially when one or both
the networks experience a slight variation in their frequencies
[1]. Moreover, the use of phase-shifting transformers in syn-
chronous ties suffers from the drawbacks such as slow and

Manuscript received October 28, 2013; revised February 27, 2014 and May
19, 2014; accepted June 21, 2014. Paper no. TEC-00638-2013.

B. B. Ambati, P. Kanjiya, and V. Khadkikar are with the Center
for Energy, Masdar Institute of Science and Technology, Abu Dhabi,
54224, UAE (e-mail: bambati@masdar.ac.ae; pkanjiya@masdar.ac.ae;
vkhadkikar @masdar.ac.ae).

M. S. El-Moursi and J. L. Kirtley Jr. are with the Department of Electrical En-
gineering and Computer Science, Massachusetts Institute of Technology, Cam-
bridge, MA 02139 USA. (e-mail: melmoursi @masdar.ac.ae; kirtley @mit.edu).

Color versions of one or more of the figures in this paper are available online
at http:ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TEC.2014.2336981

step-wise controls [2]. This further causes wear and tear of
tap changer contacts. Although, the use of power electronic
controlled phase-shifting transformer can eliminate these draw-
backs, they introduce additional problems such as harmonics,
resonance, vulnerability to voltage surges, and reduced over-
loading capability due to their low thermal time constant [2],
[3]. On the other hand, a back-to-back HVDC link can be
established between any two power networks to achieve the
controlled power flow between them. A line commutated con-
verter (LCC)-based HVDC link suffers with the bottlenecks
such as large reactive power requirements, lower thermal time
constant, and lack of inertia for natural damping. Whereas, the
voltage source converter (VSC)-based HVDC link can con-
trol the reactive power unlike LCC-based HVDC link. But,
the inertia contribution and frequency response are still the
challenges for HVDC technologies. Alternatively, the use of
variable frequency transformer (VFT) for asynchronous in-
terconnection can improve the system inertia and frequency
control.

The VFT was first developed by General Electric Company
in 2004 to achieve the interconnection of two different power
networks [2]. A VFT is a controllable bidirectional power trans-
fer device between the two asynchronous power networks that
consists of wound rotor induction machine (WRIM) and a dc
motor drive [2]. The presence of rotating mass (of both WRIM
and dc motor) adds inertia to the power systems and thereby im-
proves the stability during system disturbances. The VFT offers
significant benefits over the widely installed LCC-HVDC link
[4]-[6], mainly, lower reactive power requirements, harmonic-
free power transfer, and higher system stability.

Basic concept and design aspects of 100 MW VFT is pre-
sented in [2]. The performance of VFT during steady-state,
dynamic, and transient conditions is evaluated using simulation
studies in [7]-[12]. In [13], the offshore wind park is connected
to the grid through VFT to reduce the power fluctuations us-
ing the PID damping torque controller of the dc motor drive.
Moreover, the use of brushless doubly fed induction machine
(BDFIM) with squirrel cage rotor as alternative VFT configu-
ration is reported in [6]. In which, the dual stator winding with
different pole numbers with a ratio of 1:3 is used to avoid space
harmonics concerns. The operating performance and mainte-
nance of VFT is discussed in [15] and [16].

The steady-state analysis of the VFT is well established in the
literature [2]-[12], but the problem of fault propagation and the
fault ride-through (FRT) enhancement is not addressed so far. As
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Fig. 1. VFT system configuration.

the fault propagation is a critical issue that affects power system
reliability and security, the FRT protection schemes should be
deployed in the VFT. In addition to that, the detailed control
strategy for VFT is not presented in the literature.

This paper presents a detailed hierarchical control strategy
for the VFT to achieve the following functions: establish a con-
nection between two power systems, power transfer control,
and FRT operation. Furthermore, a new topology of VFT com-
prising a series dynamic braking resistor (SDBR) is proposed
to enhance the FRT capability. A number of states are defined
for VFT operation to effectively connect it, operate it in steady
state, and protect it during the grid faults. The proposed control
strategy and VFT configuration are validated using real-time
hardware in-loop (HIL) simulation. The plant is simulated in
real time using OPAL-RT real-time simulator while the control
algorithm is implemented in dSPACE-1103 to carry out HIL
study.

II. VARIABLE FREQUENCY TRANSFORMER

Fig. 1 shows the VFT system configuration that consists of
a WRIM mechanically coupled with a dc motor drive. The
three-phase stator and rotor windings of WRIM are connected
to two asynchronous power networks namely power network-I
(PN-I) and power network-II (PN-II) as illustrated in Fig. 1. The
frequencies and/or phase angles of both PN-I (f; and 6,) and
PN-II (f,, and 6,,,) could be different in actual application.

To connect the stationary VFT to the PN-I and PN-II simul-
taneously, the frequencies (f; and f,,,) and phase angles (6, and
0,,) should be identical. It is difficult to achieve this condition in
practical system. Therefore, the following approach is deployed
with the VFT to make this asynchronous interconnection.

1) Connect the PN-I directly to the stator side of the VFT
(by closing CB1) while keeping the rotor stationary and
circuit breaker CB2 open.

2) Measure the frequency f, and phase angle 6, of the volt-
age induced in the rotor windings (v, a1.) at the termi-
nals of CB2 (when the rotor is stationary, f, = f; and
0, =46,).

3) Measure the frequency f,,, and phase angle 6,, of PN-II
voltage (v, abc) available on the other side of CB2.

4) Control the rotor speed to change f, by using the dc motor
drive to achieve f, = f,.

5) Adjust the rotor position (6,) using the dc motor drive to
make 0, = 0,,.

IEEE TRANSACTIONS ON ENERGY CONVERSION
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Fig. 2.  Stator and rotor fluxes and voltages in VFT.

6) The synchronization between voltages v, a1,c and vy, a1, 18
achieved by steps 4 and 5, then the CB2 can be closed
to establish the interconnection between both networks
through VFT.

Here onwards, the points 4 and 5 are referred as frequency
matching and phase angle matching, respectively. A control
algorithm required to control the dc motor drive in VFT is
developed in Section V.

III. VFT CONCEPT AND POWER FLOW

Based on the existing literature, the working principle and
the active and reactive power flow through the VFT have not
been discussed in detail. In addition to that, FRT operation and
protection strategy have not been addressed. Hence, the detailed
VFT model is developed to study all the operational aspects for
steady-state, dynamic, and transient conditions.

A. Active Power Transfer and Control

The synchronization procedure described in the previous sec-
tion is used to connect both power networks in Fig. 1. Conse-
quently, both the stator and rotor fluxes will be in synchronism
irrespective of the rotor speed with a specific phase angle dif-
ference represented as load angle (). The controllability of this
load angle § and its effect on active power transfer between both
networks is analyzed in this subsection.

The stator and rotor voltage vectors and the respective flux
vectors referred to stator are shown in Fig. 2. The instantaneous
stator flux (¢p,), air-gap flux (¢/,,,) and rotor flux (¢,) vectors
in the stationary reference frame can be expressed as

1/)5 = Lsis + Ly, (irejs) M
wm = L’mr (is + (ireJE)) (2)
'(/)r = L,,- ir + Lm (ise*jf) (3)

where Lg, L., and L, represent the equivalent stator, rotor,
and mutual inductances referred to stator side; ig and i, are the
stator and rotor currents, respectively. ¢ is the angular displace-
ment between the stator and rotor fluxes and w, is the angular
(mechanical) speed of the rotor.

From Fig. 2 and (1)—(3), the expression for the electromag-
netic torque (7;) can be obtained as [14]

_ 2p L771 _ 2p Lm

5_35115[/7 _giLbL, |¢S||¢I‘|Sln5'
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The aforementioned relationship shows that the electromag-
netic torque developed is a cross product of stator and rotor
fluxes, i.e., the product of magnitudes of 1), 1., and the sine
of the angle J between both the fluxes. On the other hand, gen-
eral expression for the developed electromagnetic torque in any
reference frame (d—q or x—(3) can be written as

T, = ke, 5)

where k is the torque constant, and 4, is component of current
vector in quadrature with 1), . Here, the quadrature component
of current refers to stator/rotor current as the angle between v,
and v, or v, and ¥, is very small.

From the basic integral relation between the flux and volt-
age, a current that is in quadrature with the flux is in-phase or
out-of-phase with the voltage and hence responsible for active
power flow. In general, the VFT is connected between the two
power systems whose voltages are fairly constant and hence the
magnitudes of ), 1., and 1), can be treated as constants.
Therefore, from (4) and (5) it can be deduced that the torque
developed/imposed on the rotor is proportional to’Sin §" and ac-
tive component of stator/rotor current. If the displacement angle
¢ in Fig. 2 is changed by applying external torque through the
dc motor drive, the angle § and hence electromagnetic torque
developed in the WRIM will change according to (4). Conse-
quently, it changes the active current (i,) as per (5). It can be
observed that the active current variation is in proportion to &
(as the ¢ is very small, Sin § ~ ¢), which is analogous to a series
inductor behavior. The generalized active power flow through
the series inductor is expressed by

ViVe

S

P = sin 9. (6)

Therefore, for the case of VFT, considering a stator to rotor
turns ratio of 1:1, and neglecting the losses in the system, the
active power transfer (Pyp7) in terms of the stator and rotor

voltages, from Fig. 2, can be written as

ViV .
PVFT = X Sin (93 — (9, + E)) (7)

where V; and 6, are the rms stator voltage and its phase angle,
respectively; V, and 6, are the rms rotor voltage and its phase
angle, respectively; and X is the series equivalent inductive
reactance offered by the VFT. The term ¢ in (7) is the time
integral of w, to be controlled by the dc motor drive.

By neglecting the leakage reactance and magnetizing current
(i.e., power factors close to unity) of the VFT [2], the mechanical
power handled by the dc motor drive can be expressed as

Py =P, - P =V.I, - V.1, ®)

where I and I, are the rms values of the active component of sta-
tor and rotor currents, respectively. Considering volt/hertz/turn
and MMF balance between the stator and rotor windings of the
VFT, the above expression can be rewritten as [2]

_ v, LN\ _ A
Py = Vil — <N5fs Nrfr) ( N, ) = Vi (1 fs>
€))

(b)

Fig. 3. Reactive power flow concept in the VFT. (a) vs > v, (b) vs < vy

where N, and N, are the number of turns in the stator and
rotor windings of VFT, respectively. From (9), it is clear that the
power absorbed by the dc motor drive is a function of frequency
difference between both the power networks and the power
being transferred through the VFT. Also, from (9), the torque
expression for the dc motor can be written as

fr
VSIS (1_T> :BVSIS
7T12O (fe - fl) /p 2 27Tfs
60

where p is number of poles in the WRIM. From (10), it can
be noticed that the torque developed by the dc motor drive is
independent of speed of rotation. Assuming the constant stator
voltage in (10), it can be noticed that by changing the torque
applied through dc motor drive, the stator active current (/g)
can be changed. This proves the correlation between torque
applied by dc motor drive and active current transferred through
VFT according to (5). A simple armature voltage controlled
four quadrant dc drive can be employed to regulate the torque
produced by the dc motor and thereby active power transfer.

Pdc,
Tdc = =
Wy

(10)
2

B. Reactive Power Transfer

Stator and rotor reactive currents (isq and ,4) of VFT may
consists of two components: 1) the magnetizing current required
for VFT operation (¢,, ); and 2) the reactive current transferred
between the two networks. The amount of reactive current sup-
plied/absorbed by each network is dependent on the voltage
magnitudes at the stator (PCC-I) and rotor (PCC-II) terminals.
Regardless of slight difference in grid voltages on both sides,
the VFT maintains the volt/hertz/turn balance between induced
stator (v}) and rotor (v].) voltages by circulating the appropriate
amount of reactive current between both the networks.

Two different cases are demonstrated to show the reactive
power flow dependency on the voltage magnitudes on both sides
of VFT as illustrated in Fig. 3. The stator and rotor resistances
are neglected and it is assumed that the active current transferred
between the stator and rotor is constant (isq, = —iq) through-
out the operation. Fig. 3(a) represents the case where the stator
voltage is slightly higher than the rotor voltage referred to stator
side (i.e., vs > v,). Assuming the induced stator voltage (v’,)
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is constant, any increase in v, causes increase in ¢, according
to v, = v}, + isa5. For the fixed active power transfer, active
current (¢sy) is constant and hence reactive current (i5q) has to
increase in order to accommodate the change in 7,. In Fig. 3(a),
the stator voltage magnitude is considered such that whole mag-
netizing current (¢,, ) required for VFT operation comes from the
stator (i.e., 4,, = isq and i,q = 0). Thus, further increase in the
stator voltage magnitude leads to ¢4 higher than 7,, , that makes
ira = —(isqa — i, ) which is the net reactive current transferred
from PN-I to PN-II through VFT. Accordingly, any reduction
in stator voltage magnitude drives the stator and rotor sides to
supply the required magnetizing current ¢,, for VFT operation.

The vector diagram corresponding to the case where full mag-
netizing current is drawn from the rotor side due to higher rotor
voltage is shown in Fig. 3(b). Similar to the aforementioned
case, any further increase in the rotor voltage in Fig. 3(b) leads
to reactive power flow from PN-II to PN-I.

It is obvious that the reactive power flow into/through VFT
is uncontrolled and is mostly dependent on the terminal volt-
age magnitudes of v; and v,. The VFT requires a fixed amount
of reactive power to meet the constant magnetization demand
regardless of the amount and/or direction of active power trans-
fer. The stator and rotor currents through VFT can be obtained
from the steady-state equivalent circuit for particular voltage
conditions and reactive powers can be computed as

Qs = ‘VS‘ |isd‘ =Im [Vsi:] 11
Qr = v, | |iwa] = Im[v,4)]. (12)

T

For the power flow directions shown in Fig. 1, the reactive
power absorbed by VFT (@), ) at any operating condition is the
difference between stator and rotor reactive powers, i.e.,

Qm = Qs — Qr. (13)

IV. SDBR PROTECTION SCHEME FOR VFT

As discussed in the previous section, during the steady-state
operation, VFT is analogous to a series inductor. Therefore, dur-
ing a voltage dip resulted from the grid fault in one of the power
networks, the other network is forced to supply a large fault cur-
rents. This indicates the propagation of a fault from the faulted
network to the healthy power network through VFT. This fault
propagation phenomenon associated with VFT has not been dis-
cussed in the literature. To demonstrate the problems associated
with the fault propagation, a fault condition is considered at
PN-II as shown in Fig. 1. This grid fault (or voltage dip) has the
following consequences unless appropriate protective measures
are taken:

1) large fault currents from the stator side;

2) temporary disconnection of VFT due to CB1 opening;

3) oscillations/instability in PN-I due to system dynamics;

4) slow post fault recovery due to VFT disconnection;

5) possible requirement of VFT resynchronization;

6) damage to VFT windings in the event of protection failure.

This paper introduces an appropriate FRT scheme within the
VFT system using SDBR to overcome the issue of fault prop-
agation as shown in Fig. 4. The SDBR protection scheme is
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PN-1 VET PN-1II
CB1 Ry Ry Ry cpz Xz
PCC-I PCC-II
Swy  Swy  Sw, Pt
Fig. 4. Single line diagram of SDBR protection scheme for VFT.

identified as simple and economic solution for enhancing the
FRT capability and transient performance of VFT in response
to symmetrical and asymmetrical grid faults. It can be noted
that, four different combinations of power flow direction (PN-I
to PN-II or PN-II to PN-I) and the grid fault (in PN-I or PN-II)
are possible in the VFT. The SDBR scheme that can prevent
the fault propagation in all four possible cases can be designed
using a simple approach by considering a power flow from PN-I
to PN-II and the grid fault in PN-II as described in the following.

A. Series Resistance Selection

According to the design criteria, the SDBR should limit the
fault current by acting as a voltage booster against the voltage
in PN-II at the rotor terminals and protect the healthy network
(PN-I) connected to the stator terminal. To be able to work with
various levels of grid faults (based on magnitudes of voltage
dip), the SDBR should have different combination of resistors.
The SDBR with n resistors can realize (2" — 1) combinations
of resistances. The maximum and minimum possible resistance
values of SDBR should be selected based on the following two
scenarios.

1) Voltage Dip Operation: During the most severe grid fault,
the voltage appears on the rotor terminals should be higher than
the minimum allowable rotor voltage (V. iy ). The maximum
value of series resistance (RspBR_max = B1 + Ro + ...+ R,)
required to achieve this during the worst case voltage dip can be
calculated using the following:

Prated

aRSDBR,,maX > kv;",min
3‘/r',min

‘/fault_min + (14)

where Viaule_min 15 the lowest possible grid voltage (at PCC-II)
during the grid fault on PN-II, P;,.q is the rated power transfer
capability of VFT, and k is safety margin (>1) to take care of
the lagging power factor.

2) Overvoltage Protection: The designed SDBR should not
cause the overvoltage across the rotor terminals in any case
such as small voltage dips. The minimum value of series resis-
tance (RspBR_min) that prevents the rotor overvoltage can be
computed from the following equation:

Prated

Vrfault,max +
3V'r,mt,cd

RSDBRJHin < 3VVrlated (]5)

where Vit _max 18 the grid voltage (at PCC-II) during the minor
voltage dip that can trigger the SDBR. For the present case of
SDBR with three resistances, the value of different resistors
can be calculated from the maximum and minimum values of
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SDBR resistances obtained through (14) and (15) as follows:
Ry = RspBR_min

R2 = § [RSDBRJHB,X - RSDBRJnin]

2

R3 = g [RSDBRJHB,X - RSDBRJnin] .

(16)

B. Static AC Switch Selection

Three SDBR resistors can be inserted into the circuit by con-
trolling the static ac switches Sw;, Sws, and Sws, respectively.
Three ac switches are required for switching the resistors (R,
Ry, and R3) in each phase as per Fig. 4. Therefore, a total of nine
resistors (R, Ro, and R3 for each phase) and nine ac switches
are deployed to realize the SDBR protection scheme.

The current rating of ac switches in SDBR scheme should
be equal to the rated VFT current as they remain closed dur-
ing the steady-state operation. And, the voltage rating of the
switches should be equal to the product of rated VFT current
and corresponding resistor value. It is worthy to note that the
switching losses are absent (as switches are always closed) dur-
ing the steady-state operation and therefore, the switches with
low conduction losses are preferred for this SDBR scheme.

The ac switches can be realized using either antiparallel
thyristors (low cost) or antiseries IGBTs (high cost). The choice
of the switch depends on the speed requirement of resistor in-
sertion during the fault. The antiparallel thyristor switch has a
maximum of half cycle delay in operation as it breaks the current
at next zero crossing while, antiseries IGBT switch can break
the current instantaneously.

The WRIM in the VFT system possesses large thermal time
constant and can easily handle the current surge resulted from the
delay in ac switch opening. Therefore, the low cost antiparallel
thyristor switches are used as ac switches in SDBR protection
scheme.

V. PROPOSED HIERARCHICAL CONTROL STRATEGY

This section describes the overall control of VFT and SDBR.
The dc motor drive is the only controllable device in a VFT
system that can regulate the power flow between two power
networks. However, as highlighted in the previous section SDBR
is an additional controllable device for the restriction of fault
propagation. A comprehensive hierarchical strategy, with all the
necessary controls, is proposed in three operational stages.

When the stator is directly connected to PN-I and circuit
breaker CB2 is open, the dc motor drive is to be controlled
to achieve the frequency matching (f, = f,,) and phase angle
matching (6, = 6,,,). This part of control is realized in first two
stages (Stage-I and Stage-II) of the proposed hierarchical con-
trol. Once the connection is established between both the power
networks through VFT, the power transfer control is carried out
in Stage-III.

The control block diagram depicting these three stages of
the proposed hierarchical control is shown in Fig. 5. A four-
quadrant armature voltage control method is employed for dc
drive in the proposed hierarchical control. The changeover from

f"_
5,
vr.u.h\r
V. abe
Lyl Active v
; Power 2
ob i) Calculation )
N Fault 1.0
Bt
Sw,
; 2 e
- =y — Ju L. & \i’:
Y, abe PLL Vi abe PLL J. \abe v, Look-up —
—> 0, — 0, Table | S5
Fig. 5. Proposed hierarchical control strategy for synchronization and power

transfer control in VFT.

L
CB = Close
8§ =8 =0.5;=1

v,

Flow chart for hierarchical control strategy and SDBR control.

4

Swy, Swy, & Swy
Switching Status

Fig. 6.

one stage to another is realized using the states S, S5, and S
as illustrated in Fig. 5 with the predefined hierarchy depicted in
Fig. 6. The control of SDBR protection scheme is also incor-
porated in the flow chart of Fig. 6. The objective and control
of VFT in each stage of hierarchical control is discussed in the
following subsections.

A. Stage-I: Frequency Matching

Initially when the stator of WRIM is connected to PN-I, the
rotor is stationary and CB2 is open, the command S; =1 is
issued to start the frequency matching stage. At this condition
the frequency of rotor voltage f, has to be changed from f, =
fs to f, = f,. To achieve this desired frequency change, the
equivalent rotor speed at which the rotor of VFT should be
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driven by dc motor drive is
N: _ 120 (fs - fm).
p
The reference (V) and actual (IN,) speeds are compared,
and the error, e,, is processed through the PI controller to gen-
erate the necessary armature voltage (V) ;) for the armature
controlled dc motor drive (shown in Stage-I of Fig. 5). Once,
the mean of absolute speed error (e,) goes below 1 r/min, Sy
becomes low and S, becomes high as shown in the flow chart
given in Fig. 6. Thereafter, high state of Sy enables the next
stage of hierarchical control.

a7

B. Stage-II: Phase Angle Matching

Subsequent to the frequency matching, the next objective is
to achieve the phase angle matching between v, 41, and vy, a1c
(i.e., 6, = 0,,). Applying abc—dq transformation on the mea-
sured rotor voltages (v, ab.) using the phase angle (6,,, ) of PN-II
voltage (v, abc), obtained from the phase locked loop (PLL),
gives the direct (v, ¢) and quadrature (v, ,) components of rotor
voltages referred to PN-II voltage phasor. When the rotor volt-
age phase angle (6,) is exactly equal to 6,,, the computed v, 4
becomes zero. In other words, by making v, , = 0, the phase
angles can be matched (6, and 6,,). To achieve this, a PI con-
troller is used over the v, , for generating the necessary armature
voltage (V} ,) to change the rotor position (shown in Stage-II
of Fig. 5). As soon as the mean of the absolute phase angle error
(ey or v, 4) goes below certain margin (say 1%), S> goes low
indicating the completion of Stage-II (shown in Fig. 6).

After frequency and phase angle matching are completed,
the CB2 closes to establish the connection between both the
networks through VFT. Subsequently, S5 goes high to enable
the power transfer controller.

C. Stage-IIl: Power Transfer Control

Actual power transfer (Pypr ) from PN-I to PN-1Tis measured
on the stator side of VFT and compared with the reference
power (Pypr). The error is passed through the PI controller
to generate the necessary armature voltage (V 5) and thus to
control the torque developed by the dc motor drive (Ty.). The
torque produced by dc motor drive dynamically adjusts the angle
€ to achieve the desired load angle ¢ that makes Pypr = Pypr
as per (7).

The reference armature voltage (V) for the dc motor drive
is expressed as follows:

V:{ = VZ,I + V:{_g + VZS (18)

During the power transfer control, any change in the networks
frequencies forces the rotor to adjust its speed according to (17).

D. SDBR-Based Fault Ride-Through Control

The SDBR control and fault detection is integrated in the hier-
archical control strategy as shown in Fig. 6. When the grid fault
occurs, the power transfer control should saturate at its prefault
value to avoid rotor acceleration in response to fault conditions.
This is achieved by forcing S5 = 0 to keep the corresponding
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PI controller output at its prefault value. Whereas, the command
S1 =1 (frequency matching loop) is reissued during the fault
to damp out the rotor oscillations by controlling the torque of
the dc motor drive. Simultaneously, there is a need to insert a
suitable combination of resistors in SDBR that prevent the fault
propagation from the faulted network to the healthy network.
This is obtained using a two-dimensional (2 D) lookup table
based on VFT current and fault voltage magnitudes. The out-
put of lookup table is status of switches Swy, Sws, and Sws
that inserts a appropriate combination of Ry, Rs, and R3. The
switches Swy, Sws, and Sws of each phase are simultaneously
controlled for balanced faults while they are controlled inde-
pendently for each phase during the unbalance faults. After the
fault is cleared, the power transfer controller is reactivated to
maintain the power transfer control by giving the control sig-
nals S; = S, = 0,.55 = 1. The coordination between the three
stages of the proposed hierarchical control and the proposed
SDBR control is shown in Fig. 6.

VI. REAL-TIME HARDWARE IN-LOOP VALIDATION

The proposed hierarchical control strategy and SDBR scheme
for VFT are verified using a real-time HIL implementation. The
control algorithm is implemented in the digital signal processor
(DSP) board, DS1103 from dSPACE at a step size of 50 us. The
plant (VFT test system and SDBR scheme) is emulated using
the OPAL-RT real-time simulator. The communication between
the controller and the plant is carried out through ADC and DAC
ports of DS1103 and OPAL-RT.

Due to high torque requirement by the VFT system during
low speed operations, a geared dc motor with a mechanical gear
of ratio 1:10 is used instead of conventional dc motor. The use
of geared dc motors can significantly reduce the size of the
dc motor during the actual applications of VFT. The system
specifications and the machine parameters of VFT test system
are given in Table I.

A. Steady-State Performance

The performance of VFT system during the three stages of
proposed hierarchical control is shown in Figs. 7-9. All the re-
sults are given in per unit values with 1 div =1 p.u. The dc
motor drive power FPj. and speed N, are represented on the
basis of 100 W and 60 r/min for a better visualization of their
dynamics. The PN-I operates at 400 V/50 Hz while the PN-II
operates at 392 V/49 Hz. The effectiveness of each stage of hier-
archical control and the transition from one stage to another can
be seen from Fig. 7. When VFT is stationary the frequency f;
of the induced rotor voltage (v, ) is 50 Hz while the frequency
fm of PN-II voltage (v, o) is 49 Hz. As highlighted in Section
I1, to close the circuit breaker CB2, synchronization should be
established between the v, , and v,, ,. Therefore in Stage-I,
with the frequency matching command S, = 1, the rotor speed
N, is controlled to change f, such that f, = f,,. By the end
of Stage-I (just before ¢;), the frequency of v, , is achieved
equal to 49 Hz by regulating the VFT rotor speed at 0.5 p.u.
(30 r/min) as per (17). Subsequent to successful completion of
Stage-I at ¢1, the status of commands S7 and S automatically
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TABLE I
SYSTEM SPECIFICATIONS

WRIM specifications and parameters

Power network-1 400 V, 50 Hz
Power network-1 series inductance 0.03 p.u.
Power network-IT 392V, 49 Hz
Power network-11 series inductance 0.052 p.u.
‘WRIM specifications and parameters

Rated apparent power 4150 VA
Rated active power 3500 W
Rated voltage and frequency 400V, 50 Hz

Number of poles 4

Stator to rotor turns ratio 400/400
Stator resistance 0.01965 p.u.
Stator inductance 0.0397 p.u.
Rotor resistance referred to stator 0.01965 p.u.
Rotor inductance referred to stator 0.0397 p.u.
Magnetizing (mutual) inductance 1.354 p.u.
Inertia constant 0.09526 s
DC motor drive specifications

Rated output power 500 W
Rated armature voltage 500V
Rated field voltage 300V
Number of poles 4
Mechanical gear ratio 1/10

Electrical connection of dc drive To power network-I
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Fig. 7. Different stages in the proposed hierarchical control.

changes to S; = 0 and Sy = 1 (Zooml1). In Stage-II, the phase
angle matching of v, , and v,, , is performed. To match the
phase angles of both the voltages by changing the instantaneous
rotor position of VFT, the speed of dc motor drive temporarily
deviates from its reference speed. This operation can be seen
from the temporary variations in NV, and the power handled by
the dc drive (P4.). The successful matching of frequencies and
phase angles of v, , and v,, , can be observed from Zoom2
(just before time ?5). Stage-II ends at f, where the status of
commands Sy and S5 are changed to S, = 0 and S; = 1 and
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Fig. 8. Power control using the hierarchical control (dynamic performance).

the circuit breaker CB2 is closed to initiate the power transfer
stage (Stage-IIT).

The performance of VFT during Stage-IIl is depicted in
Figs. 8 and 9. According to power flow directions considered in
Fig. 1, the positive value of Py represents the power trans-
ferred from PN-I (stator side) to PN-II (rotor side) and negative
quantity represents the reverse power flow.

The dynamic response of VFT during sudden changes in
power transfer command (P ) is shown in Fig. 8. Initially,
Py e is set equal to zero, and at ¢3, it is changed from 0O to
0.85 p.u. It can be noticed that P, and P, reach the steady state
(Ps = Pyp) within 3 s. Further to check the response of VFT
during power reversal, P is changed from 0.85 to —0.85
p-u. at ¢4. It can be observed that VFT reaches the new steady
state within 3 s in this case as well. Note that, due to the active
power loss in VFT there is a small difference between P; and
P, during the steady state. The active power supplied/absorbed
by the dc drive is governed by the direction of power transfer
and it is observed around 0.5-0.7 p.u. (around 0.012-0.015 p.u.
on VFT power base).

The expanded view of steady-state results for P equal to
0.85 and —0.85 p.u. is shown in Fig. 9 in Zoom1 and Zoom?2,
respectively. In Zooml, it can be noticed that the stator current
15, 1S nearly in-phase with stator voltage v, , as the power
is being transferred from PN-I to PN-II. Whereas in case of
reverse power flow (Zoom2), i, , is noticed to be almost out-of-
phase with v, ,. The change in Qs and ), with the change in
Py pp (in Figs. 8 and 9) represents their uncontrolled nature as
discussed in Section III-B. Due to this, the stator current (z, )
magnitudes are different for the same amount of active power
flow in both directions. Note that the difference between Qg
and @), is almost constant as per (13) and is equal to the reactive
power absorbed/required by VFT (Q,,,).
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B. Fault Ride-Through Performance

The behavior of VFT without any additional FRT mechanism,
during the three-phase grid fault at PN-II is shown in Fig. 10.
The important variables that depict the fault propagation prob-
lem with VFT are shown in Fig. 10. These variables include:
PN-I voltage at PCC-I (v5ape: 1 div=2 p.au.), the
PN-II voltage at PCC-II (v, abc: 1 div =2 p.u.), the rotor
voltage (v, ape: 1 div=2 p.u.), current drawn from PN-I
(is,anc: 1 div =15 p.u.), and the rotor speed (V,: 1 div=15
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Fig. 11.  VFT performance during three-phase fault in PN-I (stator side) with-

out SDBR protection scheme.

p-u.). Prior to the grid fault, the system is under steady state
with a power transfer of 0.85 p.u. from PN-I to PN-II. A sig-
nificant voltage dip in both PCC-II (v, .ab) and rotor (v, abc)
voltages and sudden rise in stator current (i ,1,¢) can be noticed
during the grid fault condition. The rise in stator current signi-
fies that the fault in the rotor side (PN-II) is propagated to the
stator side (PN-I). The fault current in PN-I reaches 5 p.u. which
may cause threat to PN-I security and reliability. Moreover, the
large oscillations introduced in the rotor speed (V) during the
grid fault causes the sustained mechanical vibrations that may
destroy the WRIM and dc motor bearings.

The fault propagation from the stator side to rotor side during
a grid fault on stator side (PN-I) is depicted in Fig. 11. It can be
noticed that the rotor current rises 5 p.u. during the fault without
SDBR protection. This signifies the fault propagation from PN-I
to PN-IL

To avoid such high fault currents and mechanical stress due to
fault propagation, the SDBR protection scheme shown in Fig. 4
is designed (explained in Section III). The set of specifications
considered during the SDBR design are: Viault_min = 0.1 pu,
Viaultmax = 0.9 pu, Pratea = 0.85 pu, k= 1.1 and V, iy =
0.9 pu. The values for RsppR_max and Rsppr_min calculated
using (14) and (15) are 4 ©2 and 40 €, respectively. From (16), the
SDBR resistance values computed are Ry =4 €2, Ry = 12 (),
and R3 = 24 () respectively.

The performance of VFT with the proposed SDBR scheme
during three-phase to ground fault on PN-II is shown in Fig. 12.
Due to the activation of SDBR scheme during the three-phase
fault, the rotor voltage (v, a1,) is restored to the nominal level
and the stator current (i .1, ) is restricted to the maximum rated
current. As the activation of SDBR does not allow the stator
current to reach high value, it prevents the fault propagation
through VFT. The oscillations in the speed are also reduced with
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the SDBR and are damped out due to the presence of mechanical
inertia and opposing torque produced by the dc motor drive.
The performance of VFT with the proposed SDBR protec-
tion scheme during the three-phase to ground fault on the stator
side (PN-I) is depicted in Fig. 13. It can be observed that the
grid fault on the stator side causes a sudden dip in stator volt-
age, Vs abc. During this condition, the insertion of SDBR se-
ries resistance on the rotor side brings down the v, ,1,. without
affecting vy, an.. This restricts the flow of fault current through

VEFT to a nominal level as noticed from 4, ,1,.. Note that the rise
in 7, .1, immediately after the fault clearance is mainly due to
the sudden change in stator flux caused by the abrupt recovery
of stator voltage.

The satisfactory performance during the steady-state, dy-
namic, and grid fault conditions proves that VFT with proposed
SDBR scheme and hierarchical control strategy is a potential
contender for the application of controlled power transfer be-
tween two asynchronous power networks.

VII. CONCLUSION

This paper presents a new hierarchical control strategy to
control the VFT during normal and FRT operating conditions.
This paper further investigates the possible fault propagation
issue through VFT from one network to another. The SDBR-
based FRT scheme has been proposed for VFT to mitigate the
fault propagation. The detailed working principles of the VFT,
all the stages of hierarchical control and FRT operation are
verified using the real-time HIL system.

The detailed results under three stages of the proposed hierar-
chical control (frequency matching, phase angle matching, and
power transfer control) during steady-state and dynamic con-
ditions prove its comprehensiveness. The satisfactory results in
limiting the fault propagation through VFT during the grid faults
validate the effectiveness of SDBR protection scheme. In sum-
mary, along with the power transfer control function of VFT,
added capability to limit the fault propagation and inherent nat-
ural damping capability will make VFT an ideal solution for the
interconnection of micro grids in the future power systems.
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A Hierarchical Control Strategy With Fault

Ride-Through Capability for Variable
Frequency Transformer

Bharath Babu Ambati, Parag Kanjiya, Vinod Khadkikar, Member;, IEEE,
Mohamed Shawky El-Moursi, Member, IEEE, and James L. Kirtley Jr., Fellow, IEEE

Abstract—A variable frequency transformer (VFT) is being con-
sidered as a new alternative to the classical back-to-back high volt-
age direct current (HVDC) system for interconnection of two asyn-
chronous networks. The VFT is a retrospective form of frequency
converter using the wound rotor induction machine (WRIM),
which converts the constant frequency input into a variable fre-
quency output. The prime objective of VFT is to achieve controlled
bidirectional power transfer between the two asynchronous net-
works. This paper presents a detailed working principle of VFT
technology and proposes a new hierarchical control strategy for es-
tablishing the VFT connection with two power systems to achieve
bidirectional power transfer between them. Also, to restrict the grid
fault propagation from one side of the VFT to the other side, a series
dynamic braking resistor based fault ride-through (FRT) scheme
is proposed. The performance of the VFT during synchroniza-
tion process, steady-state, dynamic, and the grid fault conditions is
evaluated using the real-time hardware in-loop (HIL) system. The
plant is simulated in real time using OPAL-RT real-time simulator
while the control algorithm is implemented in digital signal pro-
cessor to carry out HIL study. All the important results supporting
the effectiveness of the proposed control strategy and FRT scheme
are discussed.

Index Terms—Fault propagation, hierarchical control, power
flow control, rotating transformer, series dynamic breaking resis-
tor (SDBR), variable frequency transformer (VFT).

1. INTRODUCTION

N GENERAL, the interconnection of two different power
I networks with controlled power transfer capability can be
achieved by a synchronous tie using a phase-shifting trans-
former or by an asynchronous tie using classical back-to-back
high voltage direct current (HVDC) link. In the modern power
systems, establishing a synchronous tie between two power net-
works would be a challenging task especially when one or both
the networks experience a slight variation in their frequencies
[1]. Moreover, the use of phase-shifting transformers in syn-
chronous ties suffers from the drawbacks such as slow and
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step-wise controls [2]. This further causes wear and tear of
tap changer contacts. Although, the use of power electronic
controlled phase-shifting transformer can eliminate these draw-
backs, they introduce additional problems such as harmonics,
resonance, vulnerability to voltage surges, and reduced over-
loading capability due to their low thermal time constant [2],
[3]. On the other hand, a back-to-back HVDC link can be
established between any two power networks to achieve the
controlled power flow between them. A line commutated con-
verter (LCC)-based HVDC link suffers with the bottlenecks
such as large reactive power requirements, lower thermal time
constant, and lack of inertia for natural damping. Whereas, the
voltage source converter (VSC)-based HVDC link can con-
trol the reactive power unlike LCC-based HVDC link. But,
the inertia contribution and frequency response are still the
challenges for HVDC technologies. Alternatively, the use of
variable frequency transformer (VFT) for asynchronous in-
terconnection can improve the system inertia and frequency
control.

The VFT was first developed by General Electric Company
in 2004 to achieve the interconnection of two different power
networks [2]. A VFT is a controllable bidirectional power trans-
fer device between the two asynchronous power networks that
consists of wound rotor induction machine (WRIM) and a dc
motor drive [2]. The presence of rotating mass (of both WRIM
and dc motor) adds inertia to the power systems and thereby im-
proves the stability during system disturbances. The VFT offers
significant benefits over the widely installed LCC-HVDC link
[4]-[6], mainly, lower reactive power requirements, harmonic-
free power transfer, and higher system stability.

Basic concept and design aspects of 100 MW VFT is pre-
sented in [2]. The performance of VFT during steady-state,
dynamic, and transient conditions is evaluated using simulation
studies in [7]-[12]. In [13], the offshore wind park is connected
to the grid through VFT to reduce the power fluctuations us-
ing the PID damping torque controller of the dc motor drive.
Moreover, the use of brushless doubly fed induction machine
(BDFIM) with squirrel cage rotor as alternative VFT configu-
ration is reported in [6]. In which, the dual stator winding with
different pole numbers with a ratio of 1:3 is used to avoid space
harmonics concerns. The operating performance and mainte-
nance of VFT is discussed in [15] and [16].

The steady-state analysis of the VFT is well established in the
literature [2]-[12], but the problem of fault propagation and the
fault ride-through (FRT) enhancement is not addressed so far. As
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Fig. 1. VFT system configuration.

the fault propagation is a critical issue that affects power system
reliability and security, the FRT protection schemes should be
deployed in the VFT. In addition to that, the detailed control
strategy for VFT is not presented in the literature.

This paper presents a detailed hierarchical control strategy
for the VFT to achieve the following functions: establish a con-
nection between two power systems, power transfer control,
and FRT operation. Furthermore, a new topology of VFT com-
prising a series dynamic braking resistor (SDBR) is proposed
to enhance the FRT capability. A number of states are defined
for VFT operation to effectively connect it, operate it in steady
state, and protect it during the grid faults. The proposed control
strategy and VFT configuration are validated using real-time
hardware in-loop (HIL) simulation. The plant is simulated in
real time using OPAL-RT real-time simulator while the control
algorithm is implemented in dSPACE-1103 to carry out HIL
study.

II. VARIABLE FREQUENCY TRANSFORMER

Fig. 1 shows the VFT system configuration that consists of
a WRIM mechanically coupled with a dc motor drive. The
three-phase stator and rotor windings of WRIM are connected
to two asynchronous power networks namely power network-I
(PN-I) and power network-II (PN-II) as illustrated in Fig. 1. The
frequencies and/or phase angles of both PN-I (f; and 6,) and
PN-II (f,, and 6,,,) could be different in actual application.

To connect the stationary VFT to the PN-I and PN-II simul-
taneously, the frequencies (f; and f;,,) and phase angles (6 and
0,,) should be identical. It is difficult to achieve this condition in
practical system. Therefore, the following approach is deployed
with the VFT to make this asynchronous interconnection.

1) Connect the PN-I directly to the stator side of the VFT
(by closing CB1) while keeping the rotor stationary and
circuit breaker CB2 open.

2) Measure the frequency f, and phase angle 6, of the volt-
age induced in the rotor windings (v, a1.) at the termi-
nals of CB2 (when the rotor is stationary, f. = f, and
0, = 0,).

3) Measure the frequency f,,, and phase angle 6,, of PN-II
voltage (v;,, abc) available on the other side of CB2.

4) Control the rotor speed to change f, by using the dc motor
drive to achieve f, = f,,.

5) Adjust the rotor position (6,) using the dc motor drive to
make 0, = 0,,.

IEEE TRANSACTIONS ON ENERGY CONVERSION
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Fig. 2.  Stator and rotor fluxes and voltages in VFT.

6) The synchronization between voltages v, a1,c and vy, a1,¢ 18
achieved by steps 4 and 5, then the CB2 can be closed
to establish the interconnection between both networks
through VFT.

Here onwards, the points 4 and 5 are referred as frequency
matching and phase angle matching, respectively. A control
algorithm required to control the dc motor drive in VFT is
developed in Section V.

III. VFT CONCEPT AND POWER FLOW

Based on the existing literature, the working principle and
the active and reactive power flow through the VFT have not
been discussed in detail. In addition to that, FRT operation and
protection strategy have not been addressed. Hence, the detailed
VFT model is developed to study all the operational aspects for
steady-state, dynamic, and transient conditions.

A. Active Power Transfer and Control

The synchronization procedure described in the previous sec-
tion is used to connect both power networks in Fig. 1. Conse-
quently, both the stator and rotor fluxes will be in synchronism
irrespective of the rotor speed with a specific phase angle dif-
ference represented as load angle (). The controllability of this
load angle § and its effect on active power transfer between both
networks is analyzed in this subsection.

The stator and rotor voltage vectors and the respective flux
vectors referred to stator are shown in Fig. 2. The instantaneous
stator flux (2p,), air-gap flux (1),,) and rotor flux (2),) vectors
in the stationary reference frame can be expressed as

"ps = Lsis + Ly, (ire‘]s) (D
1/’m = Ly (is + (ire"la)) 2
"Pr = L;iy + Ly, (iseijg) (3)

where L, L, and L,, represent the equivalent stator, rotor,
and mutual inductances referred to stator side; ig and i, are the
stator and rotor currents, respectively. ¢ is the angular displace-
ment between the stator and rotor fluxes and w, is the angular
(mechanical) speed of the rotor.

From Fig. 2 and (1)-(3), the expression for the electromag-
netic torque (7} ) can be obtained as [14]

. 2p LTIL
¢ 32L,L,

_ 2p Lm
T 32L,L,

Im [hs3p;]

|95 [r|sind. (4)
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The aforementioned relationship shows that the electromag-
netic torque developed is a cross product of stator and rotor
fluxes, i.e., the product of magnitudes of 1), 1., and the sine
of the angle J between both the fluxes. On the other hand, gen-
eral expression for the developed electromagnetic torque in any
reference frame (d—q or ox—(3) can be written as

T, = ke, 5)

where £ is the torque constant, and 7, is component of current
vector in quadrature with 1., . Here, the quadrature component
of current refers to stator/rotor current as the angle between 1,
and v or v, and 1), is very small.

From the basic integral relation between the flux and volt-
age, a current that is in quadrature with the flux is in-phase or
out-of-phase with the voltage and hence responsible for active
power flow. In general, the VFT is connected between the two
power systems whose voltages are fairly constant and hence the
magnitudes of ), 1., and 1), can be treated as constants.
Therefore, from (4) and (5) it can be deduced that the torque
developed/imposed on the rotor is proportional to’Sin ¢’ and ac-
tive component of stator/rotor current. If the displacement angle
¢ in Fig. 2 is changed by applying external torque through the
dc motor drive, the angle ¢ and hence electromagnetic torque
developed in the WRIM will change according to (4). Conse-
quently, it changes the active current (%,) as per (5). It can be
observed that the active current variation is in proportion to §
(as the ¢ is very small, Sin § ~ ¢), which is analogous to a series
inductor behavior. The generalized active power flow through
the series inductor is expressed by

P = %sin 0.

S

(6)

Therefore, for the case of VFT, considering a stator to rotor
turns ratio of 1:1, and neglecting the losses in the system, the
active power transfer (Pypr) in terms of the stator and rotor
voltages, from Fig. 2, can be written as

ViVi .
PVFT = X sin (65 — (9, + E)) (7)

where V; and 6, are the rms stator voltage and its phase angle,
respectively; V, and 6, are the rms rotor voltage and its phase
angle, respectively; and X is the series equivalent inductive
reactance offered by the VFT. The term ¢ in (7) is the time
integral of w, to be controlled by the dc motor drive.

By neglecting the leakage reactance and magnetizing current
(i.e., power factors close to unity) of the VFT [2], the mechanical
power handled by the dc motor drive can be expressed as

Py =P — P, =V,I, -V, I, (3)

where I and I, are the rms values of the active component of sta-
tor and rotor currents, respectively. Considering volt/hertz/turn
and MMF balance between the stator and rotor windings of the
VFT, the above expression can be rewritten as [2]

- v, LN\ A
ne=vit = () (5) = v (- 7)
©

A
LsXs igx,
Vg Vs /
vs A Vs
4 i lg Alsq =i
7 = g
Ym = Lipin A
. > > . _ > Lol .
lyg = 0 i lsa = 0 lpm = Linin
e i =1 .
m sd irg
Yi —3i \4 3
v, g = tr T Ly
y ' A 2
irxr Ur U, f xvr
T
(a) (b)

Fig. 3. Reactive power flow concept in the VFT. (a) vs > v, (b) vs < vy

where N, and N, are the number of turns in the stator and
rotor windings of VFT, respectively. From (9), it is clear that the
power absorbed by the dc motor drive is a function of frequency
difference between both the power networks and the power
being transferred through the VFT. Also, from (9), the torque
expression for the dc motor can be written as

4f7'
VSIS <1if7>> :BVSIS
leo(fs _fr)/p 227Tf5
60

where p is number of poles in the WRIM. From (10), it can
be noticed that the torque developed by the dc motor drive is
independent of speed of rotation. Assuming the constant stator
voltage in (10), it can be noticed that by changing the torque
applied through dc motor drive, the stator active current (Ig)
can be changed. This proves the correlation between torque
applied by dc motor drive and active current transferred through
VFT according to (5). A simple armature voltage controlled
four quadrant dc drive can be employed to regulate the torque
produced by the dc motor and thereby active power transfer.

dec
ﬂlc - =

= (10)
Wy 9

B. Reactive Power Transfer

Stator and rotor reactive currents (isq and i,q) of VFT may
consists of two components: 1) the magnetizing current required
for VFT operation (z,, ); and 2) the reactive current transferred
between the two networks. The amount of reactive current sup-
plied/absorbed by each network is dependent on the voltage
magnitudes at the stator (PCC-I) and rotor (PCC-II) terminals.
Regardless of slight difference in grid voltages on both sides,
the VFT maintains the volt/hertz/turn balance between induced
stator (v},) and rotor (v].) voltages by circulating the appropriate
amount of reactive current between both the networks.

Two different cases are demonstrated to show the reactive
power flow dependency on the voltage magnitudes on both sides
of VFT as illustrated in Fig. 3. The stator and rotor resistances
are neglected and it is assumed that the active current transferred
between the stator and rotor is constant (i5q = —%,y) through-
out the operation. Fig. 3(a) represents the case where the stator
voltage is slightly higher than the rotor voltage referred to stator
side (i.e., vs > v,). Assuming the induced stator voltage (v’,)
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is constant, any increase in v, causes increase in ¢, according
to vs = v, + isx,. For the fixed active power transfer, active
current (¢sy) is constant and hence reactive current (i5q) has to
increase in order to accommodate the change in 7. In Fig. 3(a),
the stator voltage magnitude is considered such that whole mag-
netizing current (¢, ) required for VFT operation comes from the
stator (i.e., i,, = isq and i,q = 0). Thus, further increase in the
stator voltage magnitude leads to ¢4 higher than 7,, , that makes
ira = —(isa — i, ) which is the net reactive current transferred
from PN-I to PN-II through VFT. Accordingly, any reduction
in stator voltage magnitude drives the stator and rotor sides to
supply the required magnetizing current ¢,, for VFT operation.

The vector diagram corresponding to the case where full mag-
netizing current is drawn from the rotor side due to higher rotor
voltage is shown in Fig. 3(b). Similar to the aforementioned
case, any further increase in the rotor voltage in Fig. 3(b) leads
to reactive power flow from PN-II to PN-1.

It is obvious that the reactive power flow into/through VFT
is uncontrolled and is mostly dependent on the terminal volt-
age magnitudes of v, and v,.. The VFT requires a fixed amount
of reactive power to meet the constant magnetization demand
regardless of the amount and/or direction of active power trans-
fer. The stator and rotor currents through VFT can be obtained
from the steady-state equivalent circuit for particular voltage
conditions and reactive powers can be computed as

Qs = ‘Vs‘ |isd‘ =Im [Vblt] (] 1)
Qr = ‘Vr| |ird| =Im [VTZ'*']' (12)

T

For the power flow directions shown in Fig. 1, the reactive
power absorbed by VFT (@, ) at any operating condition is the
difference between stator and rotor reactive powers, i.e.,

Qm = Qs - Qr- (13)

IV. SDBR PROTECTION SCHEME FOR VFT

As discussed in the previous section, during the steady-state
operation, VFT is analogous to a series inductor. Therefore, dur-
ing a voltage dip resulted from the grid fault in one of the power
networks, the other network is forced to supply a large fault cur-
rents. This indicates the propagation of a fault from the faulted
network to the healthy power network through VFT. This fault
propagation phenomenon associated with VFT has not been dis-
cussed in the literature. To demonstrate the problems associated
with the fault propagation, a fault condition is considered at
PN-II as shown in Fig. 1. This grid fault (or voltage dip) has the
following consequences unless appropriate protective measures
are taken:

1) large fault currents from the stator side;

2) temporary disconnection of VFT due to CB1 opening;

3) oscillations/instability in PN-I due to system dynamics;

4) slow post fault recovery due to VFT disconnection;

5) possible requirement of VFT resynchronization;

6) damage to VFT windings in the event of protection failure.

This paper introduces an appropriate FRT scheme within the
VFT system using SDBR to overcome the issue of fault prop-
agation as shown in Fig. 4. The SDBR protection scheme is
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PN-1 VET x, PN-II
CB1 Ry R, Ry CB2 22
PCC-I PCC-II Fault
Swy  Sw, Swy _—
Fig. 4. Single line diagram of SDBR protection scheme for VFT.

identified as simple and economic solution for enhancing the
FRT capability and transient performance of VFT in response
to symmetrical and asymmetrical grid faults. It can be noted
that, four different combinations of power flow direction (PN-I
to PN-II or PN-II to PN-I) and the grid fault (in PN-I or PN-II)
are possible in the VFT. The SDBR scheme that can prevent
the fault propagation in all four possible cases can be designed
using a simple approach by considering a power flow from PN-I
to PN-II and the grid fault in PN-II as described in the following.

A. Series Resistance Selection

According to the design criteria, the SDBR should limit the
fault current by acting as a voltage booster against the voltage
in PN-II at the rotor terminals and protect the healthy network
(PN-I) connected to the stator terminal. To be able to work with
various levels of grid faults (based on magnitudes of voltage
dip), the SDBR should have different combination of resistors.
The SDBR with n resistors can realize (2" — 1) combinations
of resistances. The maximum and minimum possible resistance
values of SDBR should be selected based on the following two
scenarios.

1) Voltage Dip Operation: During the most severe grid fault,
the voltage appears on the rotor terminals should be higher than
the minimum allowable rotor voltage (V. iy ). The maximum
value of series resistance (RspBR _max = 11 + Ro + ...+ R),)
required to achieve this during the worst case voltage dip can be
calculated using the following:

Prated

‘/fa‘ult min T
3Vrr,min

RSDBR,,maX > var,min (14)

where Viault_min 1S the lowest possible grid voltage (at PCC-II)
during the grid fault on PN-II, P;,.q is the rated power transfer
capability of VFT, and k is safety margin (>1) to take care of
the lagging power factor.

2) Overvoltage Protection: The designed SDBR should not
cause the overvoltage across the rotor terminals in any case
such as small voltage dips. The minimum value of series resis-
tance (RspBR_min) that prevents the rotor overvoltage can be
computed from the following equation:

R‘ated

‘/fault max + o5
3V'r,rated

RSDBR,min < 3‘/1*Jated (15)

where Viauit_max 18 the grid voltage (at PCC-II) during the minor
voltage dip that can trigger the SDBR. For the present case of
SDBR with three resistances, the value of different resistors
can be calculated from the maximum and minimum values of
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SDBR resistances obtained through (14) and (15) as follows:
Ry = RspBR_min

Ry = = [RsDBR_max — RSDBR _min]

3 (16)
2
R3 - g [RSDBRJIIH.X - RSDBRJnin] .

B. Static AC Switch Selection

Three SDBR resistors can be inserted into the circuit by con-
trolling the static ac switches Sw;, Sws, and Sws, respectively.
Three ac switches are required for switching the resistors (R,
Ry, and R3)in each phase as per Fig. 4. Therefore, a total of nine
resistors (R, Ro, and R3 for each phase) and nine ac switches
are deployed to realize the SDBR protection scheme.

The current rating of ac switches in SDBR scheme should
be equal to the rated VFT current as they remain closed dur-
ing the steady-state operation. And, the voltage rating of the
switches should be equal to the product of rated VFT current
and corresponding resistor value. It is worthy to note that the
switching losses are absent (as switches are always closed) dur-
ing the steady-state operation and therefore, the switches with
low conduction losses are preferred for this SDBR scheme.

The ac switches can be realized using either antiparallel
thyristors (low cost) or antiseries IGBTs (high cost). The choice
of the switch depends on the speed requirement of resistor in-
sertion during the fault. The antiparallel thyristor switch has a
maximum of half cycle delay in operation as it breaks the current
at next zero crossing while, antiseries IGBT switch can break
the current instantaneously.

The WRIM in the VFT system possesses large thermal time
constant and can easily handle the current surge resulted from the
delay in ac switch opening. Therefore, the low cost antiparallel
thyristor switches are used as ac switches in SDBR protection
scheme.

V. PROPOSED HIERARCHICAL CONTROL STRATEGY

This section describes the overall control of VFT and SDBR.
The dc motor drive is the only controllable device in a VFT
system that can regulate the power flow between two power
networks. However, as highlighted in the previous section SDBR
is an additional controllable device for the restriction of fault
propagation. A comprehensive hierarchical strategy, with all the
necessary controls, is proposed in three operational stages.

When the stator is directly connected to PN-I and circuit
breaker CB2 is open, the dc motor drive is to be controlled
to achieve the frequency matching (f, = f,,) and phase angle
matching (6, = 6,,). This part of control is realized in first two
stages (Stage-I and Stage-II) of the proposed hierarchical con-
trol. Once the connection is established between both the power
networks through VFT, the power transfer control is carried out
in Stage-III.

The control block diagram depicting these three stages of
the proposed hierarchical control is shown in Fig. 5. A four-
quadrant armature voltage control method is employed for dc
drive in the proposed hierarchical control. The changeover from

120/ p
8V
T
v,
VY, abe R dq —>
| abe >
rq
ki
v‘ abc .
e »| Active
. Power
fsae i | Calculation
firz S i l l
tage-| Swl
b A’—" K
—> /s — fm Vonabe SWZ
Vs abe PIL mave | prr y Look-up —S>
— | 17, W
—> 0, 0, Table | 283
Fig. 5. Proposed hierarchical control strategy for synchronization and power

transfer control in VFT.

Y
CB = Close
8§ =8,=0,8;=1

1
v Swy, Sw,, & Swy

Switching Status

y

Fig. 6. Flow chart for hierarchical control strategy and SDBR control.

one stage to another is realized using the states S, S5, and S3
as illustrated in Fig. 5 with the predefined hierarchy depicted in
Fig. 6. The control of SDBR protection scheme is also incor-
porated in the flow chart of Fig. 6. The objective and control
of VFT in each stage of hierarchical control is discussed in the
following subsections.

A. Stage-1: Frequency Matching

Initially when the stator of WRIM is connected to PN-I, the
rotor is stationary and CB2 is open, the command S; =1 is
issued to start the frequency matching stage. At this condition
the frequency of rotor voltage f,. has to be changed from f, =
fs to f, = f,,. To achieve this desired frequency change, the
equivalent rotor speed at which the rotor of VFT should be
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driven by dc motor drive is
N: — 120 (fa — f'm).
p
The reference (V) and actual (/N,) speeds are compared,
and the error, e, is processed through the PI controller to gen-
erate the necessary armature voltage (V7 ;) for the armature
controlled dc motor drive (shown in Stage-I of Fig. 5). Once,
the mean of absolute speed error (e,) goes below 1 r/min, S;
becomes low and S5 becomes high as shown in the flow chart
given in Fig. 6. Thereafter, high state of Sy enables the next
stage of hierarchical control.

a7

B. Stage-II: Phase Angle Matching

Subsequent to the frequency matching, the next objective is
to achieve the phase angle matching between v, a1, and v, a1c
(i.e., 0, = 0,,). Applying abc—dgq transformation on the mea-
sured rotor voltages (v, ap.) using the phase angle (6,,,) of PN-II
voltage (v, abc), obtained from the phase locked loop (PLL),
gives the direct (v, ¢) and quadrature (v,. ,) components of rotor
voltages referred to PN-II voltage phasor. When the rotor volt-
age phase angle (0,) is exactly equal to 0,,, the computed v, 4
becomes zero. In other words, by making v, , = 0, the phase
angles can be matched (0, and 6,,). To achieve this, a PI con-
troller is used over the v, , for generating the necessary armature
voltage (V5 ) to change the rotor position (shown in Stage-II
of Fig. 5). As soon as the mean of the absolute phase angle error
(ey or v, 4) goes below certain margin (say 1%), S> goes low
indicating the completion of Stage-II (shown in Fig. 6).

After frequency and phase angle matching are completed,
the CB2 closes to establish the connection between both the
networks through VFT. Subsequently, S3 goes high to enable
the power transfer controller.

C. Stage-III: Power Transfer Control

Actual power transfer (Pypr ) from PN-I to PN-ITis measured
on the stator side of VFT and compared with the reference
power (Pypr). The error is passed through the PI controller
to generate the necessary armature voltage (V; ;) and thus to
control the torque developed by the dc motor drive (T}.). The
torque produced by dc motor drive dynamically adjusts the angle
¢ to achieve the desired load angle ¢ that makes P{pp = Pypr
as per (7).

The reference armature voltage (V) for the dc motor drive
is expressed as follows:

V;{ = VjZ,l + V:{_g + VX’:;. (18)

During the power transfer control, any change in the networks
frequencies forces the rotor to adjust its speed according to (17).

D. SDBR-Based Fault Ride-Through Control

The SDBR control and fault detection is integrated in the hier-
archical control strategy as shown in Fig. 6. When the grid fault
occurs, the power transfer control should saturate at its prefault
value to avoid rotor acceleration in response to fault conditions.
This is achieved by forcing S3 = 0 to keep the corresponding
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PI controller output at its prefault value. Whereas, the command
S; = 1 (frequency matching loop) is reissued during the fault
to damp out the rotor oscillations by controlling the torque of
the dc motor drive. Simultaneously, there is a need to insert a
suitable combination of resistors in SDBR that prevent the fault
propagation from the faulted network to the healthy network.
This is obtained using a two-dimensional (2 D) lookup table
based on VFT current and fault voltage magnitudes. The out-
put of lookup table is status of switches Swy, Sws, and Sws
that inserts a appropriate combination of R;, Rs, and R3. The
switches Swy, Swe, and Sws of each phase are simultaneously
controlled for balanced faults while they are controlled inde-
pendently for each phase during the unbalance faults. After the
fault is cleared, the power transfer controller is reactivated to
maintain the power transfer control by giving the control sig-
nals S; = S, = 0,55 = 1. The coordination between the three
stages of the proposed hierarchical control and the proposed
SDBR control is shown in Fig. 6.

VI. REAL-TIME HARDWARE IN-LOOP VALIDATION

The proposed hierarchical control strategy and SDBR scheme
for VFT are verified using a real-time HIL implementation. The
control algorithm is implemented in the digital signal processor
(DSP) board, DS1103 from dSPACE at a step size of 50 ps. The
plant (VFT test system and SDBR scheme) is emulated using
the OPAL-RT real-time simulator. The communication between
the controller and the plant is carried out through ADC and DAC
ports of DS1103 and OPAL-RT.

Due to high torque requirement by the VFT system during
low speed operations, a geared dc motor with a mechanical gear
of ratio 1:10 is used instead of conventional dc motor. The use
of geared dc motors can significantly reduce the size of the
dc motor during the actual applications of VFT. The system
specifications and the machine parameters of VFT test system
are given in Table I.

A. Steady-State Performance

The performance of VFT system during the three stages of
proposed hierarchical control is shown in Figs. 7-9. All the re-
sults are given in per unit values with 1 div =1 p.u. The dc
motor drive power FPy. and speed N, are represented on the
basis of 100 W and 60 r/min for a better visualization of their
dynamics. The PN-I operates at 400 V/50 Hz while the PN-II
operates at 392 V/49 Hz. The effectiveness of each stage of hier-
archical control and the transition from one stage to another can
be seen from Fig. 7. When VFT is stationary the frequency f;
of the induced rotor voltage (v, ) is 50 Hz while the frequency
fm of PN-II voltage (v, ,) is 49 Hz. As highlighted in Section
I1, to close the circuit breaker CB2, synchronization should be
established between the v, , and v,, ,. Therefore in Stage-I,
with the frequency matching command S; = 1, the rotor speed
N, is controlled to change f, such that f, = f,,. By the end
of Stage-I (just before 7;), the frequency of v, , is achieved
equal to 49 Hz by regulating the VFT rotor speed at 0.5 p.u.
(30 r/min) as per (17). Subsequent to successful completion of
Stage-I at t1, the status of commands S; and S automatically
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TABLE I
SYSTEM SPECIFICATIONS

'WRIM specifications and parameters

Power network-1 400 V, 50 Hz
Power network-1 series inductance 0.03 p.u.
Power network-II 392 V,49 Hz
Power network-11 series inductance 0.052 p.u.
WRIM specifications and parameters

Rated apparent power 4150 VA
Rated active power 3500 W
Rated voltage and frequency 400V, 50 Hz

Number of poles 4

Stator to rotor turns ratio 400/400
Stator resistance 0.01965 p.u.
Stator inductance 0.0397 p.u.
Rotor resistance referred to stator 0.01965 p.u.
Rotor inductance referred to stator 0.0397 p.u.
Magnetizing (mutual) inductance 1.354 p.u.
Inertia constant 0.09526 s
DC motor drive specifications

Rated output power 500 W
Rated armature voltage 500 V
Rated field voltage 300V

Number of poles 4
Mechanical gear ratio 1/10
Electrical connection of dc drive To power network-I

cHa © 2.000¥/div
Position : -4.00 div

[ ——
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20kS/5  S00ms/div
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Fig. 7.  Different stages in the proposed hierarchical control.

changes to S7 = 0 and S, = 1 (Zoom1). In Stage-II, the phase
angle matching of v, , and v,, , is performed. To match the
phase angles of both the voltages by changing the instantaneous
rotor position of VFT, the speed of dc motor drive temporarily
deviates from its reference speed. This operation can be seen
from the temporary variations in [V, and the power handled by
the dc drive (P4.). The successful matching of frequencies and
phase angles of v, , and v,, , can be observed from Zoom2
(just before time ¢9). Stage-II ends at ¢t where the status of
commands Sy and S5 are changed to S; = 0 and S; = 1 and

—

Hain 1000k

Aoaode @ Normal

< 100008/ div [ |
i 10kS/s 15/div¢

cHa
Position : -4.00 div —

N O oo e ST e
~ 0 ~
””!'ts I ”!;t4" .............
L: : : | :
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Fig. 8. Power control using the hierarchical control (dynamic performance).

the circuit breaker CB2 is closed to initiate the power transfer
stage (Stage-IIT).

The performance of VFT during Stage-III is depicted in
Figs. 8 and 9. According to power flow directions considered in
Fig. 1, the positive value of Py represents the power trans-
ferred from PN-I (stator side) to PN-II (rotor side) and negative
quantity represents the reverse power flow.

The dynamic response of VFT during sudden changes in
power transfer command (Py ) is shown in Fig. 8. Initially,
Pypr is set equal to zero, and at t3, it is changed from 0 to
0.85 p.u. It can be noticed that P, and P, reach the steady state
(Py = Fypp) within 3 s. Further to check the response of VFT
during power reversal, Py is changed from 0.85 to —0.85
p-u. at ¢4. It can be observed that VFT reaches the new steady
state within 3 s in this case as well. Note that, due to the active
power loss in VFT there is a small difference between P; and
P, during the steady state. The active power supplied/absorbed
by the dc drive is governed by the direction of power transfer
and it is observed around 0.5-0.7 p.u. (around 0.012-0.015 p.u.
on VFT power base).

The expanded view of steady-state results for P equal to
0.85 and —0.85 p.u. is shown in Fig. 9 in Zooml and Zoom?2,
respectively. In Zooml, it can be noticed that the stator current
15, 1S nearly in-phase with stator voltage v, , as the power
is being transferred from PN-I to PN-II. Whereas in case of
reverse power flow (Zoom?2), i, , is noticed to be almost out-of-
phase with v; ,. The change in Q)s and (), with the change in
Py pr (in Figs. 8 and 9) represents their uncontrolled nature as
discussed in Section III-B. Due to this, the stator current (z, )
magnitudes are different for the same amount of active power
flow in both directions. Note that the difference between Qg
and @, is almost constant as per (13) and is equal to the reactive
power absorbed/required by VFT (Q,,,).
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Fig. 9. Power control using the hierarchical control (steady-state
performance).
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Fig. 10.  VFT performance during three-phase fault in PN-II (rotor side) with-

out SDBR protection scheme.

B. Fault Ride-Through Performance

The behavior of VFT without any additional FRT mechanism,
during the three-phase grid fault at PN-II is shown in Fig. 10.
The important variables that depict the fault propagation prob-
lem with VFT are shown in Fig. 10. These variables include:
PN-I voltage at PCC-I (vsape: 1 div=2 p.au.), the
PN-II voltage at PCC-II (v, apc: 1 div =2 p.u.), the rotor
voltage (v, ane: 1 div=2 p.u.), current drawn from PN-I
(is,abc: 1 div =15 p.u.), and the rotor speed (IV,: 1 div=15

l Vr,abc :
‘W‘Q"‘Gwm‘c‘w.w‘v‘o,w‘c‘o.',o.c‘v,o;,ﬁf‘W"‘W‘W"‘t".O‘W.
|

Stoppod 19 & :Builtin
2014/04/21 06:12:48.792820 Auto 2014/04/21 06:13:54
Fig. 11.  VFT performance during three-phase fault in PN-I (stator side) with-

out SDBR protection scheme.

p.u.). Prior to the grid fault, the system is under steady state
with a power transfer of 0.85 p.u. from PN-I to PN-II. A sig-
nificant voltage dip in both PCC-II (v, .ab) and rotor (v, abc)
voltages and sudden rise in stator current (i ,1,¢) can be noticed
during the grid fault condition. The rise in stator current signi-
fies that the fault in the rotor side (PN-II) is propagated to the
stator side (PN-I). The fault current in PN-I reaches 5 p.u. which
may cause threat to PN-I security and reliability. Moreover, the
large oscillations introduced in the rotor speed (/V, ) during the
grid fault causes the sustained mechanical vibrations that may
destroy the WRIM and dc motor bearings.

The fault propagation from the stator side to rotor side during
a grid fault on stator side (PN-I) is depicted in Fig. 11. It can be
noticed that the rotor current rises 5 p.u. during the fault without
SDBR protection. This signifies the fault propagation from PN-I
to PN-II.

To avoid such high fault currents and mechanical stress due to
fault propagation, the SDBR protection scheme shown in Fig. 4
is designed (explained in Section III). The set of specifications
considered during the SDBR design are: Viault_min = 0.1 pu,
‘/fault_max =09 pu, Pratea = 0.85 p-u, k=1.1and ‘/'r_min =
0.9 pu. The values for RsppR_max and Rsppr_min calculated
using (14) and (15) are 4 ©2 and 40 2, respectively. From (16), the
SDBR resistance values computed are Ry =4 €2, Ry = 12 (),
and R3 = 24 ) respectively.

The performance of VFT with the proposed SDBR scheme
during three-phase to ground fault on PN-II is shown in Fig. 12.
Due to the activation of SDBR scheme during the three-phase
fault, the rotor voltage (v, .1,) is restored to the nominal level
and the stator current (i .1, ) i8 restricted to the maximum rated
current. As the activation of SDBR does not allow the stator
current to reach high value, it prevents the fault propagation
through VFT. The oscillations in the speed are also reduced with
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Fig. 12.  VFT performance during three-phase fault in PN-II (rotor side) with

the SDBR protection scheme.
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Fig. 13.  VFT performance during three-phase fault in PN-I (stator side) with

the SDBR protection scheme.

the SDBR and are damped out due to the presence of mechanical
inertia and opposing torque produced by the dc motor drive.
The performance of VFT with the proposed SDBR protec-
tion scheme during the three-phase to ground fault on the stator
side (PN-I) is depicted in Fig. 13. It can be observed that the
grid fault on the stator side causes a sudden dip in stator volt-
age, vy abc. During this condition, the insertion of SDBR se-
ries resistance on the rotor side brings down the v, ,1,. without
affecting vy, ab.. This restricts the flow of fault current through

VEFT to a nominal level as noticed from %, ,1,.. Note that the rise
in 7, .1, immediately after the fault clearance is mainly due to
the sudden change in stator flux caused by the abrupt recovery
of stator voltage.

The satisfactory performance during the steady-state, dy-
namic, and grid fault conditions proves that VFT with proposed
SDBR scheme and hierarchical control strategy is a potential
contender for the application of controlled power transfer be-
tween two asynchronous power networks.

VII. CONCLUSION

This paper presents a new hierarchical control strategy to
control the VFT during normal and FRT operating conditions.
This paper further investigates the possible fault propagation
issue through VFT from one network to another. The SDBR-
based FRT scheme has been proposed for VFT to mitigate the
fault propagation. The detailed working principles of the VFT,
all the stages of hierarchical control and FRT operation are
verified using the real-time HIL system.

The detailed results under three stages of the proposed hierar-
chical control (frequency matching, phase angle matching, and
power transfer control) during steady-state and dynamic con-
ditions prove its comprehensiveness. The satisfactory results in
limiting the fault propagation through VFT during the grid faults
validate the effectiveness of SDBR protection scheme. In sum-
mary, along with the power transfer control function of VFT,
added capability to limit the fault propagation and inherent nat-
ural damping capability will make VFT an ideal solution for the
interconnection of micro grids in the future power systems.
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