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Abstract: This paper proposes a power electronic module that uses a switched capacitor for retaining
the integrity of the dc-link voltage of a variable speed drive (VSD) during a 0.2 s short-term power
interruption (STPI). Ride-through was achieved through switched capacitor onto the dc bus. However,
this technique presents a challenge of the high inrush currents during a ride through compensation.
In this work both analytical and experimental investigations were conducted in order to reduce the
in-rush currents and its impact on the performance of the VSD during the STPI. Inrush peak currents
were reduced by approximately 90%. Experimental results showed torque pulsations of 12.8% and
14.3% at the start and end of dc-link voltage compensation, respectively. A method for sizing the
switched capacitor and the inrush limiting resistors is proposed. This methodology is based on the
use of readily available nameplate information of the VSD and the electric motor. The proposed
module can be retrofitted to existing VSDs that are based on v/f control.

Keywords: variable speed drive; short-term power interruption; ride-through; dc-link; inrush current;
voltage compensation

1. Introduction

Electricity supply in developing economies is characterized by low generation and
dominated by frequent faults and outages owing to lack of financial resources, old infras-
tructure and poor maintenance [1-3]. Voltage dip sensitive equipment including variable
speed drives (VSD) are negatively affected by such frequent faults and outages leading to
voltage dip-related trips. This results in disruptions of critical processes, loss of production
and revenue [4]. Various transmission grid codes have a common way of defining which
grid disturbances have to be tolerated. They also specify frequency of occurrence of these
disturbances. VSDs are used to drive critical processes in power generation equipment
and they are required to be able to ride-through a 0.2 s short-term power interruption
(STPI) [5,6]. Studies carried out by numerous researchers to analyse the behaviour of a
VSD during a voltage dip, have identified the dc-link under voltage as the main reason
for the VSD tripping during a voltage dip [7-9]. There is an abundant number of VSDs on
the market of different makes and models which gives rise to differences in susceptibility
and response to voltage dips and STPI [9]. Existing VSD topologies can be modified to
enhance their ride-through capability. Most modifications to existing topologies would
require close collaboration with different manufacturers to access design base technical
information. Such arrangements present challenges due to intellectual property which is
closely guarded by manufacturers and thus not readily available for access by users of
VSDs. Modifications to the drives must then be limited to an electrical connection only
between the existing VSDs and ride-through enhancing module. This results in limited
options available for enhancing ride-through capability for existing VSDs.

A VSD with a passive front end diode rectifier has limited response possibilities during
a voltage disturbance which makes it sensitive to voltage dips [10-12]. Reference [13]
developed a stacked switched capacitor for energy buffer on the dc bus and developed a
switching scheme for the buffer switches. Voltage fault ride through is achieved in [12]
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through the use of field-oriented control. Various researchers have investigated alternatives
of improving the ride-through capability of a VSD to voltage dips [10,11,14-16]. These
alternatives can be grouped into those that allow ride-through for a total loss of power
under an STPI and those that do not. Invariably, those that can offer ride-through for a STPI
incorporate an energy storage device. Several STPI ride-through improvement alternatives
incorporating energy storage are available to provide the required additional dc-link power.
These include either ordinary or super-capacitors, battery based back-up systems, flywheel
based energy storage, motor-generator sets, storage based on super conducting magnetic
energy and fuel cells [14,17-20].

The simplest alternative for improving STPI ride-through involves increasing the
overall dc-link capacitance. Most VSDs are equipped with an electrolytic capacitor on
the dc-link. This capacitor is used primarily for filtering the dc-link voltage, providing
limited energy storage for a VSD to ride-through minor voltage dips and providing a low
impedance path for high frequency inverter currents [19]. Typical capacitance values are
between 75-360 uF/kW [15]. Although a larger capacitor is preferred in order to strongly
hold the dc link voltage for longer during a STPI, big capacitance tend to cause harmonic
pollution onto the supply.

To be able to ride through a STP], a sufficient energy reserve is required. A variety
of energy storage technologies are candidates for providing the required power during
a STPI. Battery backup systems, supercapacitors, motor-generator sets, flywheel energy
storage systems, superconducting magnetic storage and fuel cells are some examples of
these technologies [7]. For low voltage (<1000 V), low power (10 kW) applications, ordinary
capacitors, super-capacitors and batteries are suitable candidates [14]. A boost converter
maintains the dc-link voltage to a set point during the dip. The boost converter can be
connected to the dc-link of a VSD, but more commonly is connected in parallel to the VSD.
It uses the remaining voltage during a dip, to supply the dc-link. They do not use an energy
storage device. Boost converters can be integrated into new drives between the rectifier and
the dc-link capacitors or retrofitted as an add-on module [11,14]. During a voltage dip, the
boost converter will sense a drop in the dc-link voltage and begin to regulate the dc-link to
a minimum voltage required by the inverter. However, when the supply is completely lost
due to a fault, the boost converter loses capability for ride through dip voltage. This paper
proposes the use of a switched capacitor onto the VSD dc bus for a 0.2 s STPI ride through
capability. Since the additional capacitor is only introduced during a dc bus voltage dip
the power quality of the supply is not compromised during the healthy supply of power
to the VSD. The power electronic module used to switch the capacitor onto the dc bus is
equipped with the necessary inrush current limiting technique. The impact of switching a
capacitor onto the dc bus was investigated based on motor performance and the dc bus
performance. The work also proposes power electronic module sizing methodology based
on the motor and VSD nameplate data.

The paper is organized as follows, Section 2 provides the behavior of the VSD under
STPI and Section 3 proposes dc-link voltage dip compensation module. Section 4 is
concerned with proposed sizing methodology for voltage dip compensation module,
Section 5 with simulation results and analysis, Section 6 with experimental results, Section 7
with the overall analysis of results, and Section 8 with the conclusion.

2. Variable Speed Drive under Short-Term Power Interruption (STPI)

A voltage dip or STPI on the incoming AC supply of a VSD causes a drop in the
dc-link voltage. If supply restoration is delayed, this can lead to a low dc-link voltage
protection trip. VSDs are equipped with protection mechanism to guard against low dc-link
voltage in order to guarantee good control and avoid damage to equipment. A number of
studies have been carried to assess the tolerance of VSDs to voltage dips and STPIs [5,10,21].
Results indicate that most VSDs are most sensitive to three-phase dips and STPIs, less
sensitive to two-phase dips and least sensitive to single phase dips. To ride through a
STPI will depend on the size of the VSD dc link capacitor. The challenge is that in several
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industries, VSDs were designed for certain STPI duration. A comparison of VSDs from
different manufactures indicates that most VSDs can only survive a STPI of up to 0.05 s.
The energy within a VSD-motor-load system during a STPI can be represented by (1),

Ep= Ec¢ + Egin 1)

where Ey, is the total load energy, Ec is the energy supplied by the capacitor and Ey;, is the
kinetic energy in the rotating masses. During a STPI, the capacitor and rotating masses
provide energy Ej to the load, resulting in the reduction of capacitor voltage and motor
performance. Ep can be expressed as in (2),

EL = gAvg(t) - ]—lsz(t) _ /" Tiwst )
2 2 t

where Tj is the load torque, Jj is inertia, C is the dc-link capacitance, V¢ is capacitor voltage,
w is speed of rotating assembly and t,—t; is the duration of the STPIL. From (2), it can be
concluded that the behavior of a VSD during a STPI is influenced by three main parameters:
C which determines the electric energy Ec stored in the dc-link, J; which determines the
kinetic energy Ey;, stored in the rotating parts and the motor load T;. For the same load
torque, a VSD with a large capacitance driving a load with a high inertia has a better chance
of riding through a voltage dip as compared to lower capacitance and motor inertia.

At the end of the STP], i.e., when supply is restored, large inrush currents can be
experienced due to reduced VSD dc link capacitor voltage. If not controlled, this inrush
current can cause nuisance tripping of protective devices, damage VSD components and
cause undesirable torque pulsations. The magnitude of inrush current is largely dependent
on the capacitor voltage at the end of the STPIL. A lower capacitor voltage results in a higher
inrush charging current. Low dc-link voltage protection is incorporated to ensure that
the capacitor does not discharge excessively which would otherwise lead to high inrush
currents. During initial powering, inrush current is limited by use of a pre-charge resistor
based circuit [22].

3. Proposed DC-Link Voltage Dip Compensation

The proposed voltage dip compensating module (module) was developed to ensure a
0.2 s ride-through capability of a 1.5 kW VSD while striving to sustain demanded motor
load. This work only focus on V/f controlled VSDs as they are predominantly used
in industry. The proposed module was required to be active only during an STPI and
when charging in order to minimize harmonic pollution onto the grid associated with an
increased capacitance on the dc link. Ride-through requirements are listed in Table 1.

Table 1. Ride-through requirements.

Ride-through duration 02s
Voltage dip STPI
Minimum acceptable dc-link voltage 0.85 V4.
Maximum permissible discharge current ! 41A
Maximum permissible charging current 2 84 A

1 VSD (variable speed drive) maximum output current; 2 VSD inrush current.

Figure 1 shows the proposed module developed for retaining the dc bus voltage using
a switched capacitor C,. C, is the existing VSD dc bus capacitor. The switches T. and Ty
controlled the charging and discharging of C,, respectively. The diodes (D, and Dq4) were
installed to prevent IGBT freewheeling diodes from conducting whenever the respective
IGBT was switched off and thus allowed the flow of power in one direction in each of the
charging and discharging circuits. The resistor Rc, that was installed on the charging leg of
C, limited inrush current to be within VSD rectifier device ratings during charging of C,.
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Resistor Ry installed on the discharging leg limited the inrush current when module was
activated as C, charged Ce.

AC VARIABLE SPEED DRIVE AC
Input Rectifier i DC-link ige M | Output
Is iice Im

V. VdC c
S T\ e Vi
p v N
DC-link M la
Voltage

Measurement XZ D ZX Dy
|
Dip
Detection

IGBT
Drivers

VOLTAGE DIP COMPENSATING MODULE

. J

Figure 1. Proposed voltage dip compensating module.

Charging of C, was conducted using the rectifier of the VSD through the dc bus. The
detection circuit sensed the STPI and controlled the switching of IGBTs, T. and T4 which
ensured that the voltage dip compensation module (VDCM) was switched onto the dc bus
when required i.e., during the dip and taken out once the voltage STPI had cleared and C,
fully charged.

3.1. DC-Link during Compensation

Let us assume a low inertia load and a negligible energy contribution from rotating
masses. During the period after the start of the STPI and before C, is switched onto the
dc-link, C. provides energy required by the load. Thus, when C, eventually is switched
onto the dc-link, it charges up Ce and provides power to the load during the STPI. Figure 2
represents the dc-link during compensation. Rc, is the capacitor internal resistance, R is
the IGBTs on state internal resistance, Rpgq is resistance of the diode during conduction, R4
is the discharge current limiting resistor, Rc, is the internal resistance of the VSD capacitor
and Pj,y is the VSD inverter input power. Relating capacitance and input power demand

can be described in (3),

2PAt
VL vl (©)
Ca

Ca_min

C

where Vc, and V¢, min are the capacitor voltages at start and end of compensation respec-
tively, P is the total power demand and At is STPI duration, V¢, can be represented as in
(4) based on Figure 2,

Vca =iq (Rrq + Rpg + Rq) + V4 = Vrdisch + Vdc 4)

where VRgiseh is the voltage drop across IGBT switch, diode Dy and resistor Ry. Substituting
Vca from (3) into (4) results in (5),
2PAt
c=— ; 5)
VCa - (Vdcmin+ VRdisch)
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Figure 2. DC-link during compensation (discharge).
Inrush current at start of compensation,

Ve—V4q4—V;
Rca + Rpg + Rpg + Rq + Ree

(6)

14 _max =

where V4. is the dc-link voltage at start of compensation.

3.2. DC-Link during Charging

The DC-link during charging is shown in Figure 3, Inrush charging current i. at the
start of charging can be obtained from (7),

ir idc
A Ic Y e
Re
Vs T 8
Rp Ree
VdC ¢ P inv
R — ¢,
RCa
Vca
T

Figure 3. DC-link during charging.
Inrush charging current i. at the start of charging can be obtained from,

Vdc — VCa_rnin - Vf
Rrg + Rpa + Re

@)

lc_max =

where Vi, min is the capacitor C, voltage after compensation.

4. Sizing Methodology: Voltage Dip Compensating Module

A sizing methodology based on readily available data such as the motor and VSD
name plate information is developed. Figures 4-6 show the proposed sizing methodologies
for inrush current limiting resistors Ry, Rc and capacitor C,. For Figure 4, this algorithm
works backwards from motor size to the dc link of the VSD or inverter. The motor full load
current and the motor power factor can be obtained from the motor name plate. These
values will then be used to calculate the input inverter dc current (ig. ). The inverter
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output transient current or peak current can be obtained from the inverter nameplate. Once
this is obtained the inverter peak dc bus current can be calculated (igc max). Then this
will allow for the maximum discharge current to be calculated (ig max). Since ig max will
be calculated, and given a set voltage where compensation should start (V4_tig), diode
forward voltage (V¢) and the capacitor voltage (Va), it then becomes possible to calculate
the total resistance in the capacitor discharge leg. Given the knowledge of the IGBT internal
resistance and that of the diode, the current limiting resistor can then be calculated (Ry4)
including its power rating. Figure 4 shows the analytical progress of obtaining the size of

the current limiting resistor when switching the additional capacitor onto the dc bus.

Calculate:
Inverter input full load current

: 3V2
facn = ——n cos @

v

im: Motor full load current
cos@: Motor power factor

Calculate:
Maximum inverter input transient current

3vV2

ldc_max = T lm_max COS@

im_max: VSD output transient
current

A\ 4

Calculate:
Maximum discharge current

id_mwc = idcﬁmax_ idc;n

Calculate:
Minimum total discharge resistance Rgisch
required
VCa - Vdc?trig - Vf

i =
d-max Rdisc h

Raisen: Total resistance in capacitor
discharge leg

Ve wig: VDCM activation voltage

Veca: Ca voltage (pre-charged to Vdc)

\4

Calculate:
R4 = Ruisch — Raiode - Rigbt

v

Calculate:
Ry power rating
W= izd_made

End

Rg: Inrush limiting resistor in
discharge leg of capacitor

Raiode: Diode on resistance

Rigri: IGBT on resistance

Figure 4. Discharge inrush current limiting resistor sizing flow chart.
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Calculate:
Inverter input power
Piny = P/ (N * Niny)

v

Calculate:
DC-link voltage
Va=135*V;

v

Calculate:
Inverter input current
ig= P/ Vae

v

Calculate:
Power loss in VDCM discharge leg
Py =i’ Raisen

v

Calculate:
Minimum DC-link voltage
Vdﬁimin =Va-d de;mux

v

Calculate:
Voltage drop across discharge leg
dVr diseh = La * Raisen

v

Calculate:
Minimum capacitor voltage
Ve min= Vic min T AV _disch

v

Calculate:
Additional capacitance required
_Z*t * (Pinv+ Pd)
a V2 — V2

c_min

P,,: Motor shaft power
nm: Motor efficiency
ninv: Inverter efficiency

(if not available use EN 50598 values)

Vy: VSD input supply voltage

Rgisen calculated from discharge inrush
limiting resistance calculation

dVae mex: Maximum voltage drop (based on

permissible

equipment

operating

envelope e.g. supply voltage limits,

undervoltage trip level)

Assume all load current is
supplied by Ca

t: Required ride-through duration

V.: Capacitor initial voltage

Select capacitor from
catalogue (Cu, Veu, 7o)

v

Calculate:
number of series capacitor
units for voltage rating

Vdc _max

[/CU.

v

Calculate:
series bank capacitance

ng =

Calculate:
number of parallel banks required

Calculate 10%
Ve mae = 1.1 ¥V2 * V; permissible
— voltage rise N
v

C,: Capacitance of unit

AVae=dVae max

Veu: Voltage rating of unit
re.: Equivalent series
resistance

dVy,

Calculate:
Total voltage drop

. t .
= ld * E +ig * (Rm+RdisEh) + Vf

2

Calculate:
total ESR of capacitor bank
Rea =rcy *n5 /' 11p

A

Calculate:
total number of capacitor units
required

n, =ngm,

A

Calculate:
final bank capacitance
Cy = C,*ny/ng

4

Figure 5. Switched capacitor sizing flowchart.
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Calculate:
rectifier maximum output current { is max: VSD input inrush current

. 3.
L

r_max — Els,max

v

Calculate:

maximum charging { is max: Inverter input full load current
current B

i(‘imax = irﬁmm - l.dcin

\ 4

Calculate:

Minimum total charging resistance R jq required .
gmne chars 16 V. Diode forward voltage

Vac_min: capacitor voltage
Reharg after compensation

Vdc - Vac_min - Vf

le max =

A 4

Calculate:
Rc = Rc/mrg - Rdiude

A 4

R.: Inrush limiting resistor in
Calculate:b charging leg of capacitor
R POVZW rating Raiode: Diode on resistance
W=Fc_nake Rigs: IGBT on resistance
A
End

Figure 6. Charging inrush current limiting resistor sizing flowchart.

Figure 5 shows the additional switched capacitor sizing. Given the motor shaft power,
motor efficiency and inverter efficiency from their nameplates the inverter input power
can be calculated. The additional capacitor is calculated based on the assumption that
full load current would be produced by this capacitor. This is because the additional
capacitor will be used to supply the full load during a STPIL. Given the known capacitance
(from calculations) and the dc bus voltage, the appropriate capacitor can be chosen from
the started capacitor units. Once the equivalent series resistor is calculated, the expected
voltage drop on the dc bus can be calculated based on the chosen capacitor. If the voltage
drop calculated is smaller than the set desired voltage drop (V4. max) then the loop ends.
This will mean that the chosen standard capacitor will satisfy the conditions to not drop
the dc bus voltage beyond (V¢ max) during a STPL

In Figure 6, a charging limiting resistor is calculated. Having obtained the VSD input
inrush current by calculations. The rectifier maximum output current can be calculated.
Once the minimum charging resistance is obtained, the inrush charging limiting resistor
can be calculated including its power rating. It should be noted that during the charging
scenario, the additional capacitor voltage would be minimal.

Sizing of the additional capacitor C, and inrush current limiting resistors Ry and R, was
conducted for an induction motor with parameters shown in Appendix A, Tables Al and A2.
Using the proposed sizing methodology, the calculated values for C,, R4 and R obtained
were 15.1 mF, 6.91 () and 8.15 (), respectively.
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5. Simulation Results and Analysis

To validate the operation of the proposed module and assess its impact on VSD and
motor behavior, simulation studies were carried out. The simulation model comprised a
v/f PWM controlled inverter driving an induction motor rated at 1.5 kW. This study is
only concerned with v/f control based VSDs. The VSD simulation parameters are listed in
Table A3 in Appendix A.

5.1. Simulation Results without DC-Link Voltage Compensation

When a 0.2 s STPI was simulated on the VSD supply, the dc-link voltage started
decaying at a constant rate from an initial value of 556 V whereas the dc-link capacitor
of the VSD supplied all the power required by the motor as shown in Figure 7. There
was a gradual reduction in speed and torque as the dc-link voltage decayed. The dc-link
voltage continued to drop until 300 V which is the under-voltage trip setting at which stage
the VSD tripped. This is indicated by the flattening of the dc-link voltage curve and a
loss in motor torque. There was an increase in the rate of speed reduction as load torque
decelerated the motor-drive rotating assembly. After VSD tripped, for a brief period, the
motor switched to an induction generator as the load acted as the prime over and stator
windings acted as a current source allowing self-excitation of the motor. Once stator current
decayed to zero, developed torque decays to zero. After the STPI was cleared over a period
of 0.2 s, there is a sudden buildup of inrush current as shown in Figure 7. This results from
low resistance of the VSD capacitor which is now experiencing a sudden high voltage after
the STPL

500

DC-Link (556V)

VUV

Voltage (V)
o

AC Supply 0.2s STPI
. .

)

T T T T T T P T

40 | ‘:’»' '\.“ -
/£ kY
< 3o VSD Input Current| VSD Inrush - t 1
E 201 Current .
S 1o L\ | ]
S o VaNl ,—\ ~ Ly
-10 Motor Input Current . . g
b
20 (b) T T
—15 i
£
Z10 1
@
g ° :
"o
1 1 1 1 1 1 1
- ©
1000 T T T T T T T
E
e
= 5oor 916rpm 4
a
@
[= %
7]

0.65 07 075 0.8 (4) 085 0.9 095
Time (seconds)

Figure 7. Simulation results without compensation of the dc-link, (a) supply and the dc bus voltage,
(b) dc-link current and moto input current, (c) load torque and (d) motor speed.
5.2. Simulation Results with DC-Link Voltage Compensation

Figure 8 shows simulation results for the same 0.2 s STPI test with dc-link voltage
compensation utilizing a 16 mF electrolytic capacitor bank.
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| Capacitor Voltage|

% 500
= 512Vdc
450 . . . .

(a)
10 | Motor current|\* ]

= ,
B ol AT |
3 “Sr | Capacitor Discharge |

(b)

Prah
*//I Torque P“'Sationsl\’" )
i
I
Y

1
1

L L L I L

(c)

= | Motor Speed (871 rpm) | .
%’900— e
8 ss0f- i
73] . . B ‘

£ o20F ' : .

0.3 0.35 0.4 (d)o.as 0.5 0.55
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Figure 8. Simulation results with dc-link voltage compensation, (a) dc-link and capacitor voltage,
(b) Motor and capacitor discharge current (c) torque and (d) speed response.

There was a decrease in the dc-link voltage when the supply was lost. At the point
where the dc-link voltage dropped below the trigger set point voltage of 512 V, the dc-link
voltage compensating device was initiated. The additional capacitor bank was switched
onto the dc link and started supplying additional power. This is evidenced by the sudden
halt in the “dc-link voltage” rate of decay and an increase in the dc-link voltage from 512 V
to 524 V. The halting of the “dc-link voltage” decay was accompanied by a sudden increase
of the current from the additional capacitor since the capacitor started to inject power into
the dc-link i.e., delivering power to the motor as shown in Figure 8. Table 2 shows the
summary of the simulation results.

Table 2. Key simulation results.

At Start of Short At End of Short
Parameter Term Power Term Power % Change !
Interruption(STPI) Interruption (STPI)
DC-link voltage 556 V 471V —15.3%
Capacitor voltage 544V 500V —8.1%
Speed 916 rpm 871 rpm —4.5%
Torque 16.1 Nm 15.8 Nm —1.9%

! negative sign indicates a reduction in the measured parameter.

The “dc-link voltage” continued to drop at a lower rate due to the influence of the
additional capacitor. The start and end of compensation had a minor impact on the current
drawn by the motor. There was, however, a steady increase in current drawn as the voltage
decayed due to the need to maintain a constant power. Once supply was restored after
0.2 s and the “dc-link voltage” was retained from a minimum of 467 V to approximately
566 V, the capacitor bank was switched off from the “dc-link”.

Torque pulsations were observed when the compensating module was connected and
disconnected respectively from the dc-link at STPI clearance. These torque pulsations were
as a result of transients in the dc-link voltage at the start and end of compensation.

Once STPI had cleared and the dc-link voltage stabilized, charging of C, from the dc-
link commenced. Figure 9 shows the simulation results obtained. To avoid continuous and
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excessive loading of the dc-link due to charging action, pulse charging was adopted. This
can be seen from the pulsed charging current trend. This approach resulted in minimum
impact on the torque and speed of the motor.

T T T T T

s 500( ‘ ‘ ‘ g
S
g 0 Supply Voltage
=)
> 500 ' '
1 1 1 1 1
0.95 1 (a) 105 1.1 115
580 T T T T T
S 560F i
% co0l- .
& soor Capacitor Voltage ]
> 480=-_J p g }
460 1 1 1 1 1
0.95 1 (b) 105 1.1 1.15
T T I I T
. 10F - .
< A/I Capacitor Charging Current
= .l ]
S5
E
=]
O o
1 1 1 1 1
0.95 1 1.05 1.1 1.15
(c)
—_ T T T
< 20 Motor Current | T
E L A\ A~ ~ ~ ~ ~ ~
o 0N/ \ 4 4 \\ / \\, 54 \\; / \\/ \\/ \\\ /’/\\,,/ 4 \\ _// \\,A// \\A,/ f \\,7
£
>
O .20 L | L L I
0.95 1 (d 105 1.1 115
Offset=0 Time (seconds)

Figure 9. Simulation results for dc-link charging of capacitor Ca, (a) supply voltage, dc-link and
(b) capacitor voltage, (c) capacitor charging current and (d) motor input current.

6. Experimental Set-Up and Results

Two induction machines were used for the experimental setup. One machine acted
as a motor and the other as a generator in order to load the induction motor. The motor
was driven by two-quadrant industrial VSD. Loading on the induction generator was
driven through the 4 quadrant VSD. Figure 10, shows the experimental block diagram. The
proposed voltage dip compensating module (VDCM) was interfaced to a two-quadrant
VSD connected to a 1.5 kW induction motor. A 2.2 kW induction generator coupled to the
induction motor provided the required loading of the induction motor. The SIEMENS 57
Programmable Logic Controller (PLC) was used for the generation of the logic signals used
for controlling the power switches. These power switches were responsible for creating a
voltage dip on the dc bus and switching the additional capacitor onto the dc bus. Since
a PLC was used for the generation of the switching signals, the period of the short-term
power interruption could be set to any desired value.

A variac transformer was used for the voltage dip generator on the dc bus of the
2 quadrant VSD. The variac allowed for any dc bus dip voltage needed to be achieved.
Figure 11 shows the diagram of the voltage dip generator. When switch S1 is on 52 is open,
the variac would be set to a lower supply voltage in order to emulate a fault on the supply
and by switching on S2 for a particular period a voltage dip can be created on the dc bus of
the VSD. Figure 12 shows the experimental set-up.

The motor speed and torque were measured by a torque transducer mounted between
the motor and generator coupling. The torque transducer had a maximum error of 0.25%.
The voltage transducers and the current transducers each had a maximum total error of
+/—1%. Before the capacitor was put on standby for dc-link compensation, charging was
carried out through a separately powered bridge rectifier as shown in Figure 12.
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6.1. Experimental Test Conditions

The investigation involved assessing the behavior of the VSD without and with dc-link
voltage compensation when subjected to a 0.2 s STPI. An industrial VSD was used and
the investigation was carried out with the induction motor loaded to rated torque. To
avoid damage to the VSD, key protection schemes including low dc-link voltage protection
and overcurrent were left enabled. VSD dc-link voltage compensation, slip compensation
and torque compensation control schemes were disabled to ensure alignment with the
simulation model.

AC Supply

Rectifier Eﬂ

Voltage
= S7PLC -7 Dip II
! Generator
Charging ; |
Resistor !
I
o i
£ = -
oo S % 1
52 T —<4=>—1 VDCM —=>- 2-Quadrant 4-Quadrant
2 2 | VSD VSD
a
Capacitor
--—----- Control
Power
Induction Induction
Motor Generator

Figure 10. Block diagram of experimental set-up.

S1
S7 PLC

S2
Variac
Figure 11. Voltage dip generator.
4-quadrant VSD for Induction | Torque } Induction L 2-quadrant VSD for
induction generator | | generator Transducer || motor .‘ induction motor

IGBTs &
Drivers
)

Capacitor Bank
Charging-Discharge

Figure 12. Laboratory experimental set-up.
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6.2. Results without “DC-Link Voltage” Compensation

Figure 13 shows the results obtained when the two-quadrant VSD is subjected to
a 0.2 s STPIL. Once supply to the VSD was lost, the dc-link voltage immediately started
decaying as the VSD dc-link capacitor supplied all the required motor power. The VSD
tripped once the dc-link voltage had dropped to below the low dc-link trip setting of 288 V.
This is indicated by the flattening of the dc-link voltage curve. Once supply was restored
at the end of the dip, the dc-link voltage rapidly increased to its nominal level with some
initial oscillations. The voltage dip clearance was followed by a current spike as the VSD
dc-link capacitor started charging up.

Supply Voltage . o . -
- = : /] !
[ 200msstP1 | - - : -

m——— Prem———
DC-link Voltage . . - . . . .

. (543vdc) VSD Trip
X - E . . (288vdc) . . . .

e e e e e ™ L I I I I R R N B R R B R N B

T~

. (888rpm) :\\"~<
T SYTEITY
VSD Torque ',-”r-:-*-' "'E._\._ ~ /- m
- (15.5Nm) - . . . Ve s et e

Figure 13. Experimental results without dc-link voltage compensation.

6.3. With “DC-Link Voltage” Compensation

The dc bus was operated at 556 V and the compensation capacitor was pre-charged
to a voltage of 544 V as shown in Figures 14 and 15, respectively. During a fault the dc
bus voltage started to drop. Once the voltage drops below 512 V, the trigger circuit was
activated which then effectively switched the additional capacitor bank onto the “dc-link”.
Slight reductions in shaft speed including insignificant motor torque pulsations during
the STPI were observed as shown in Figure 14. Figure 15 shows the instant increase of the
discharge current from the additional capacitor drawn into the dc bus.

Y R

End of compensation
(456Vdc)

(" DCink Voltage R BP0 -
(556Vdc) : Start of Compensation (512Vdc) ]

AR R R R A R R R R RN
Ay ara A et P 2 e e Pl Ay Ny AL, et g T TN Y e

. | VSD Speed |/ . .
| (@82rpmy) |1t

VSD Torque
(15.7Nm)

Figure 14. Experimental results with dc-link voltage compensation.

6.4. Compensation of Capacitor Charging from DC-Link

Figure 16 shows the results obtained of charging from the dc-link of the VSD. The
charging circuit was configured to switch off once the dc-link voltage had dropped below
a pre-set value. This was done to ensure that the dc-link was not excessively loaded by
charging of the additional capacitor.



Energies 2021, 14, 8257

14 of 19

A 488Vdc

Capacitor Voltage e
(544v)

Ww
DC-link Voltage
(556vdc) 456Vdc
Discharge Current
(4.1A) R S——
al n ot Motor Current (3.8 — s o
] A rms)

Figure 15. DC-link voltage variation during voltage compensation.
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Figure 16. DC-link charging of capacitor Ca.

When charging was initiated, a considerable charging current was drawn, resulting in
the dc-link voltage dropping below the charging threshold. This caused the charging IGBT
to switch off. In this state, the dc-link voltage recovered resulting in the IGBT switching on.
This repeated switching results in a pulsed charging current. Once the additional capacitor
voltage had recovered to a value which did not trigger switching off the charging IGBT,
continuous charging occurred till the capacitor was fully charged.

7. Analysis of Results

Table 3 summarizes the variations in the dc-link voltage and capacitor voltage during
compensation.

Table 3. DC-link and capacitor voltage variation during compensation of a 1.5 kW induction motor.

Parameter at Start of STPI at End of STPI % Change !
DC-link voltage 556 V 456 V —18.0%
Capacitor Voltage 544V 488 V —10.3%

! negative sign indicates a reduction in the measured parameter.
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The voltage drop across the capacitor is less than that of the dc-link. This is as a result
of the voltage drop across the inrush limiting resistor during compensation. Table 4 shows
the impact of the compensating module on torque and speed.

Table 4. Impact on speed and motor torque.

Parameter at Start of STPI at End of STPI % Change !
Speed 882 rpm 860 rpm —2.5%
Torque 15.7 Nm 14.0 Nm —10.3%

! negative sign indicates a reduction in the measured parameter.

A comparison of key parameters from calculation as per proposed sizing method-
ology, simulation and experimental results are summarised in Tables 5 and 6. There is a
strong correlation between calculated values (as per sizing methodology), simulation and
experimental results for the proposed voltage dip compensation.

Table 5. Comparison of key parameters.

Change in Value as Per *

Parameter

Sizing Methodology Simulation Experiment
DC-link voltage drop 15.0% 15.6% 18.0%
Cap voltage drop 7.7% 8.3% 10.3%

* refers to change in value at the end of compensation compared to value at start of compensation.

Table 6. Capacitor charging and discharging currents.

Value Obtained as Per

Parameter

Sizing Methodology Simulation Experiment
Discharge current (A) 42 A 42 A 41A
Charging current (A) 84 A 83 A 95A

To further test the proposed sizing methodology, a study was undertaken for a 7.5
kW motor. Data used for the 7.5 kW induction motor assessment is listed in Table A4 in
Appendix A. The results of key parameters are shown in Tables 7 and 8.

Table 7. DC-link and capacitor voltage variation during compensation of a 7.5 kW induction motor.

Value Obtained as Per % Variance
Parameter
Sizing Methodology Simulation
DC-link voltage drop 834V 828V 0.7%
Cap voltage drop 54.0V 512V 5.3%

Table 8. Capacitor charging and discharging currents of a compensating module for 7.5 kw induction

motor.
Value Obtained as Per .
Parameter % Variance
Sizing Methodology Simulation
Discharge current (A) 27.89 A 28.17 A 1.0%
Charging current (A) 20.88 A 19.79 A 5.4%

Calculated and simulated results for dc-link voltage compensation for a 7.5 kW induc-
tion motor during a STPI are very comparable. The proposed sizing methodology can thus
be used for different sized motors which are driven from a v/f controlled VSDs.



Energies 2021, 14, 8257

16 of 19

8. Conclusions

This paper investigated and developed inrush current mitigation schemes for a pro-
posed dc bus voltage ride through a power electronic module. The paper can be summa-
rized as follows:

A switched capacitor can be used to improve voltage ride through for a dc bus voltage;
There was a torque pulsation of 12.8 and 14.3% at the start and end of dc-link voltage
compensation respectively;

e  During voltage dip ride through (compensation) there was a 2.5% drop in the speed
and 10.3% drop in the motor torque;

e  Asizing methodology for the additional capacitor and discharge limiting resistor has
been tested and validated. This methodology uses readily available motor and VSD
nameplate information;

e  The voltage ride through module was able to retain up to 82% of the dc bus voltage
during 0.2 s STPI which avoided a trip on the VSD;

e  There was good agreement between simulations and experimental results and, when
comparing the two, there was a 2.4% voltage difference on the dc link voltage drop
and 2% difference on the switched capacitor voltage drop during compensation. There
was a 2.4% difference between simulations and experimental work on the amount of
the discharge current;

e  The proposed method whilst effective in improving ride-through capability of VSD
resulted in an unwanted voltage drop and energy losses due to the inrush current
limiting resistor, which led to reduced overall module efficiency;

e  The observed behaviour of the VSD was based on a STPI which presents the worst-case
scenario. Improved behaviour is expected for less severe voltage dips;

e The voltage compensation module can be added to existing VSDs that are based on
V/f control in order to avoid operational breakdowns.
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Nomenclature/Abbreviations

Ep Total load energy (Wh)

Ec Energy supplied by capacitor (Wh)

Exin Kinetic energy in the rotating mass (Wh)
T Load torque (N.m)

w Speed of rotating assembly (rad/s)

N Inertia (kg-mz)

Ve Capacitor voltage (V)

Ca Switched capacitor (F)
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Ce Invereter dc bus capacitance (F)

Ve dc bus voltage (V)

I4c dc link current (A)

Is Variable speed drive supply current (A)

Vs Variable speed drive supply voltage (V)

Reaa Internal resistance of the switched capacitor (Q)
Rrgq The switch internal resistance ()

Rpg The resistance of the diode during conduction ()
R4 The discharge current limtting resistor (€2)

Ree The internal resistance of the VSD capacitor (Q2)
Piny The VSD inverter input power (W)

Vca Initial capacitor voltage

Vcamin  Capacitor voltage at end of compensation
id_max The initial inrush current (A)

ic Inrush charging current (A)

Ry, Re Inrush current limiting resistors (€2)

Raisch Total resistance in discharge led (Q2)

Lic n Norminal dc bust current under full load condition (A)
im Motor full load current (A)

Im_max VSD peack out transient current (A)

Pm Motor shaft power (W)

At Required ride through duration (s)

Cy Standard capcitance value (F)

Ve Standard voltage (V)

ESR Equivalent serries resistance (V)

Vi Diode forward voltage (V)

Vacmin  Capacitor voltage after compensation (V)

Reharg Resistance during charging ((2)

STPI Short term power interuption

PWM Pulse width modulation

VSD Variable speed drive

VDCM  Voltage dischage compensation module
Appendix A

Table Al. The 1.5 kW induction motor parameters.

Motor Rating 1.5 kW, 400 V, 50 Hz, 3.84 A, 920 rpm, Cos ¢: 0.75, 11: 75.2%
Stator resistance 4.38 O

Stator leakage inductance 17.1 mH

Rotor resistance 4110

Rotor leakage inductance 16.5 mH

Magnetizing inductance 476 mH

Rotor inertia 0.0014 kg-m?

Table A2. VSD technical data.

Input Rating 380-500 V, 50 Hz, 6.4 A, Inrush: 10 A, Power loss: 61 W

Output Rating 380-500 V, 0.5-500 Hz, 4.1 A, Transient 6.2 A for 60 s
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Table A3. VSD simulation parameters.

Rectifier 3-arm Diode Bridge
Inverter 3-arm IGBT/Diode Bridge
Inverter Control V/{, 2-level PWM
Switching Frequency 4 kHz

Modulation Index 0.9

Sample Time 10 ps

DC-link Capacitor 250 uF

Table A4. Induction motor parameters.

Power 7.5 kW
Efficiency 89.3%
Power Factor 0.81
Pole Pairs 2
Rotor Speed 1450 rpm
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