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Abstract—Electrical grid voltage sags are a significant indus-
trial power quality concern. According to a survey result across
the US, voltage sags and short-duration power outages are re-
sponsible for 92% of power quality problems faced by industrial
customers. These power interruptions often impose severe cost
penalties in plant shutdowns for many industries. A series compen-
sation scheme for an induction motor is presented with inherent
voltage sag ride through capability. The system utilizes a system
of three-phase floating capacitor H-bridge converters located in
each phase between the utility grid and a squirrel-cage induction
motor. By injecting a series voltage in each phase, the proposed
system can manipulate the voltage supplied to a motor, increasing
its tolerance of grid voltage sags. The voltage injection scheme has
an inherently leading grid power factor under steady state and,
hence, generates VARs into the grid, over a wide range of load
conditions. The paper develops mathematical analysis of the pro-
posed system to quantify both the voltage sag ride-through and
the reactive power generation that results. The analysis shows that
voltage sag tolerance of the proposed system is closely related to
the motor fundamental power factor. Moreover, it is found that
unity power factor operation of the system, as seen from the grid,
is possible and that the reactive power generation capability can
also be accurately quantified. A 5-hp experimental testbed is used
to validate both the grid voltage ride-through capability feature
and the reactive power generation characteristics.

Index Terms—Floating capacitor, H-bridge converters, induc-
tion motor, reactive power generation, series compensation, voltage
sag ride-through.

I. INTRODUCTION

INDUCTION motors (IMs) are one of the most commonly
used pieces of industrial electrical equipment, with wide

ranging applications [1]–[3]. In fact, more than 90% of indus-
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trial electrical motors are three-phase squirrel-cage induction
motors [4]. In practice, depending on application requirements,
induction motor can be either directly connected to the grid
or connected through a variable-frequency drive (VFD). When
directly grid connected, induction motors (and the industrial
processes they drive) are one of the industrial components that
are more sensitive to voltage disturbances [5]. With an inci-
dence between 61% and 87%, voltage sags are the main cause
of voltage disturbances in industrial systems [6]. Voltage sags
are normally caused by faults on the power system but can also
be caused by energizing of heavy loads or starting of large mo-
tors. A survey of over 2000 events in the US found that the
majority of voltage sags had a magnitude of around 80% of
rated voltage and duration of less than seven cycles [7]. When
induction motor terminal is directly subjected to voltage sag,
the motor current can increase significantly and large mechani-
cal torques may occur that cause damage to the motor shaft or
equipment connected to the shaft. In addition, inrush current at
the instant of voltage recovery may trip overcurrent protection,
thus causing a significant system downtime and associated costs
[8], [9].

The voltage sag sensitivity of an induction motor still exists
when the motor is connected through a conventional VFD, in
which an uncontrolled diode rectifier is used to power an in-
termediate dc-link capacitor and six IGBT switches are used to
control the voltage and frequency supplied to the motor. The
reported sensitivity threshold levels to grid voltage sag for a
conventional VFD vary from 50%–60% to 80%–90% of rated
voltage, with duration sensitivities of less than five to six cycles
[8], [10]. Field records of voltage sags and subsequent VFD
shutdowns indicate voltage sags with duration of 12 cycles or
more and having a voltage magnitude below 80% of rated volt-
age will shutdown a VFD [11]. Even if the motor is completely
unloaded, the VFD still remains very sensitive to voltage sags
[10]. For ride-through capability improvement, VFD manufac-
turers responded with new mitigation techniques. One of these
is to try to maintain the intermediate dc-link voltage from reach-
ing the low-voltage state that causes a shutdown by the use of
the kinetic energy from the motor load [12]. By modifying and
controlling the switching algorithm of the inverter and taking
into account some inertia in the motor and the load, power can
be fed back to the dc bus during the supply voltage dip. With
this feature, the VFD can continue to work without stopping and
resume normal operation after the grid voltage sag. However, a
comparison test of five VFDs from five different manufacturers
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demonstrated that such ride-through capability of VFDs were
not the same [13]. Moreover, it has been shown in [13] that even
the best VFD under test could not cope with symmetrical volt-
age sag at 80% voltage with either 60 or 300 cycles of duration.
A voltage sag compensator described in [14]–[17], is used for
critical loads. The proposed compensator consists of a three-
phase voltage source inverter (VSI) and a coupling transformer
for serial connection. When the grid is at its nominal level, the
compensator is bypassed. During grid voltage sags, the com-
pensator injects the required compensation voltage through the
coupling transformer. However, long detection time (typically
within 4 ms) and large inrush currents can trigger the overcurrent
protection, which leads to compensation failure [17].

One of the power converters that have gained importance in
current years is the back-to-back (BTB) converter, which is con-
stituted by two voltage source converters (VSCs) and a common
energy storage element, a dc capacitor. It is used in renewable
energy systems (based on wind turbines (WT) [18], [19] or dis-
tributed generation (DG) systems [20]–[22]), HVDC systems
[23]–[26], and motor drive systems [27], [28]. The performance
of the BTB converter can also be affected by the variable condi-
tions of the electrical grid system; voltage unbalance and voltage
sags are the main source of voltage disturbances in this type of
system [29]. The unbalanced grid voltage and voltage sag con-
ditions cause instability in the dc-link voltage, which, in turn,
can cause loss in power transfer or generate overcurrents that
damage the power devices and active protection [30]. For DG
systems, the entire transmission and distribution system can
lead to instability when electrical disturbances appear in the
grid [21]. In HVDC systems, high-power electronic converters
are desired to operate with relatively low switching frequencies
(maximum 9–15 times the line frequency and even lower for
multilevel converters). The low switching frequency operation
of VSC systems imposes control limitations in the case of power
system faults and disturbances when they may be needed the
most. In presently installed operating systems, the ride-through
capability is obtained either by using passive element design
[24] or a change in the control mode [24] or using overrated
power electronics devices [18]. Most of the control solutions to
mitigate voltage unbalance is based on either the rotating-frame
solution [24], [29], [30] or the stationary-frame solution [31]–
[33]. The major disadvantage of the rotating-frame solution is
its complexity, which causes a high computational burden [33].
Again, low-pass, band-stop, and notch filters are used in con-
trol algorithms to detect a voltage sag in the system; but their
response can be too slow [19]. For the BTB converter used in a
motor drive application [27], [28], appropriate filters (either L
or LCL) have to be inserted between the grid and the front-end
rectifier to reduce the current harmonics around the switching
frequency: note that filter inductors are also commonly used at
the drive output terminals. The use of these filters increases the
system overall size and cost and has been identified as a major
barrier to increased power density [34]. BTB converters can also
suffer from low efficiencies if the rated motor voltage is lower
than the grid input voltage: the input voltage is boosted by the
input rectifier; hence, a large voltage step down is then required
by the output inverter [35]. Moreover, with a standard BTB

Fig. 1. Three-phase floating capacitor H-bridge converter motor control
system.

converter (12 switches), the motor line voltage waveform has
three stepped voltage levels equal to the size of the dc-link volt-
age. This introduces high dv/dt stresses on the output cables and
on the insulation of motor windings and its bearings [36]. If these
voltage levels exceed the machine’s insulation corona inception
voltage, motor winding insulation life will be shortened.

This study examines a power electronics system in which the
voltage sag tolerance of induction motor drive can be greatly
improved [37], as shown in Fig. 1.

This proposed three-phase floating H-bridge system employs
12 switches, similar to the BTB converter. It should be noted
that the proposed system cannot change the frequency of the
voltage supplied to induction motor such as in a VFD. How-
ever, the proposed solution is mainly intended to be used in
applications where frequency control is not required, e.g., in
many applications when using loads such as fans, pumps, and
compressors. The system is deemed desirable primarily because
of the absence of input and output ac filter inductors, a much
lower dc-link operating voltage (producing lower semiconduc-
tor device electrical stress, hence the cooling requirements for
the power electronics can be made smaller and more cost effec-
tive). The overall system operating efficiency can be increased
as a result with a higher power density. Moreover, the proposed
system can supply five-level motor line pulsewidth-modulated
(PWM) waveforms to the induction motor. This voltage com-
pares with the three-level one in a BTB system with much larger
voltage steps (see Fig. 2). In steady state, the PWM voltage steps
are less than half that experienced in the BTB converter and the
motor-induced average volt-secs (closely linked to iron losses in
the motor) is much lower. The motor voltage PWM frequencies
are four times the device switching frequency as compared to
double for the BTB; hence, the motor current ripple is much
lower with an associated lowering of the motor high-frequency
Cu losses. The H-bridge output PWM voltage waveforms can be
said to be much more friendly for the motor cable connections
and for the motor winding insulation.

Finally, although the BTB converter can inject reactive power
to the grid, this additional functionality requires grid supply re-
actors, which is often an LCL filter, and increases the size and
cost of the drive: ac reactors are also routinely added to the out-
put of the drive to minimize the effects of the high-frequency,
large-magnitude, PWM voltages at the output terminals. On the
contrary, the proposed system inherently generates VARs to the
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Fig. 2. Motor: (a) line voltage component due to the H-bridges and (b) line
voltage component due to BTB converters.

grid without requiring a grid supply reactor, which has the ef-
fect of reducing the system overall cost. It is well known that
induction motors naturally operate with a lagging power factor,
and they are the main contributor to the total reactive power de-
mand of any given power system [38]. Despite many attempts
to compensate the reactive power of a grid-connected induc-
tion machine, the majority of these technologies cannot provide
voltage-sag ride-through capability. Examples are: 1) reactive
current injection such as capacitor banks or STATCOMs [39],
[40]; 2) parallel auxiliary windings in the machine [41]; 3) ro-
tating converters [42]; and 4) open-winding induction machine
with one terminal connected to a power electronic converter
[43]. The proposed system is compatible with standard power
distribution practices and, therefore, has the potential in retrofit
applications. In summary, the three-phase floating H-bridge sys-
tem has many desirable features when used to connect an in-
duction motor to the utility grid, including the following:

1) a five-level PWM motor line voltage with a PWM fre-
quency four times the switching frequency and reduced
voltage step sizes, resulting in lower higher frequency
PWM-induced iron losses and Cu losses;

2) has a relatively higher operating efficiency and lower cool-
ing requirements for the power electronics and the ma-
chine;

3) incurs lower system losses, which can lower energy bills,
improve the power rating of the machine, reduce its oper-
ating temperature, and prolong its operating lifetime;

4) generates VARs and, hence, improves the overall system
power factor rather than lowering it;

5) maintains motor voltage at its rated level during grid volt-
age disturbances (sags and swells);

Fig. 3. Simplified per-phase equivalent circuit for the floating capacitor H-
bridge inverter motor drive system.

Fig. 4. Phasor diagram for floating capacitor H-bridge converter motor control
system.

6) improves motor operating efficiencies under a mismatch
condition between grid voltage and rated motor voltage;

7) optimizes the machine power conversion efficiency as
the load changes and, hence, saves energy cost, lowers
the machine operating temperature, and extends the life-
time of the machine;

8) has a controllable motor voltage, which allows the power
electronics to function as a motor soft start.

Some of the aforementioned topics are out of the scope of this
paper, which has the focus on the system response to grid voltage
sags. A significant voltage sag tolerance has been demonstrated
by the proposed three-phase H-bridge system [37]. This paper
describes the system control required to compensate for voltage
sag ride-through conditions and also defines the relationships
between the grid voltage sag compensation limits and the ma-
chine load and its operating power factor. The resulting grid
reactive power generation characteristics are also presented as
a function of the motor load and power factor. Analysis is pre-
sented to accurately predict these relationships.

II. OPERATING PRINCIPLE AND MOTOR VOLTAGE CONTROL

The steady-state operating principle of the proposed system
can be illustrated using a single-phase circuit (see Fig. 3) and
a voltage vector diagram representing one phase of the motor
with injected bridge voltage (see Fig. 4).

A single-phase floating capacitor H-bridge inverter is mod-
eled as a variable-voltage source, which injects a fundamental
voltage Vb in series with the utility grid voltage Vg and the in-
duction machine phase voltage Vm . By controlling the phase
and magnitude of the injected voltage Vb : (a) the motor volt-
age can be reduced lower than the grid voltage, such as required
for soft starting the motor (Vm1 in Fig. 4); (b) increase the motor
voltage above the grid voltage, such as maintaining the motor
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Fig. 5. Control block diagram.

voltage at its rated value when the grid voltage is reduced (Vm2
in Fig. 4).

Motor voltage control is achieved by changing the angle α
(the angle between the grid voltage vector Vg and the bridge
voltage vector Vb , as shown in Fig. 4). In general, the higher
the α, the higher is the motor voltage and vice versa. However,
if the grid voltage magnitude Vg and phase is known together
with the bridge dc voltage Vdc , then the angle α can be set by
the controller, using the vector relationships shown in Fig. 4,
to supply the motor at a specific desired operating voltage V ∗

m

such that

cos α∗ =
(Vb)2 + (Vg )2 − (V ∗

m )2

2VbVg
(1)

Vg represents the measured rms value of the grid voltage. Note
that V ∗

m represents the desired signal for the induction motor
terminal voltage. Under soft start mode, V ∗

m can be gradually
ramped up in a way so that the motor current can be limited.
After soft starting, V ∗

m can then be made to supply the motor at its
rated voltage for optimal motor operation. Vb is the fundamental
component of the voltage injected by the H-bridge, assuming
sinusoidal PWM control

|Vb | =
V ave

dc ma√
2

. (2)

The H-bridge and induction motor system works by defining
the desired motor voltage V ∗

m (see Fig. 5). For a measured grid
voltage Vg , and Vdc , the voltage V ∗

m can be delivered to the
motor; but Vdc may be in transition due to the bridge current
voltage not being at 90° to its fundamental output voltage Vb .
However, a specific value for α exists that will result in Vdc
reaching its steady-state value and producing the desired value
for V ∗

m . When steady state is achieved, the bridge capacitors
stop charging/discharging due to the motor current being at 90°
to the bridge voltage Vb .

Note that ma represents the modulation index of the H-bridge
(see Fig. 5). The PWM modulation method used in this pa-

per uses zero-sequence signal injection to determine the mod-
ulation index. The theoretical upper limit for ma using zero-
sequence injection is 1.15. In reality, ma is fixed and set to be
slightly lower (1.12 in this study) and kept fixed to minimize
the operating voltage of the bridge capacitors. The single-phase
currents flowing through the H-bridges naturally produce a low-
frequency ripple (120 Hz) in the bridge capacitor voltages. Mea-
suring and taking the average of the three dc capacitor voltages
lower the ripple in the dc voltage feedback signal V ave

dc . The con-
trol block diagram used for the three-phase H-bridge controller
is shown in Fig. 5.

In Fig. 5, the reference signal for α∗ is derived from (1). A
phase correction signal φcorr was set at 5° in the experimental
system to take into account various signal phase delays, such as
PWM signal generation delays, but mainly the 5 kHz clocking
frequency delay of the dSPACE controller (=200 μS or 4.3°). A
phase-locked loop (PLL) is used to track the grid voltage angle
(θ), which is then used to perform the inverse Park’s transforma-
tion converting the dq0 frame modulation signal dd , dq , d0 into
the abc frame modulation waves d∗a , d∗b , d∗c . These three phase
signals are then converted into signals suitable for SVPWM
[44]–[46]: the modified modulation signals d∗∗a , d∗∗b , d∗∗c , which
can include the zero-sequence signal. Finally, comparison of the
modified modulation signals d∗∗a , d∗∗b , and d∗∗c with level-shifted
multicarrier control signals yields the gating signals Da , Db , and
Dc for the H-bridges to generate five-level PWM line voltage
waveforms [47].

III. GRID VOLTAGE SAG TOLERANCE

The series voltage injected by the H-bridge can be used to
compensate for grid voltage sag and thus decouple the motor
from the effects of the voltage sag. There is a limit to which the
power electronics can compensate for voltage sag, defined as the
critical condition. The nature of the voltage sag compensation
is described in this section. The voltage sag limit (Smin ) and
the grid minimum voltage (V min

g ) for this compensation are
defined in relation to the motor-rated operating voltage V rated

m ,
the motor fundamental power factor (FPFm ), and the nominal
grid voltage V rated

g . The behavior of the system under voltage
sag is illustrated using the phasors in Fig. 6.

To illustrate the voltage sag ride-through capability of the
system, two important assumptions are made:

1) the load condition on the induction motor remains un-
changed;

2) the induction motor terminal voltage is kept at its rated
value by the H-bridge controller.

Under these assumptions, if the grid voltage is reduced, from
Vg1 to Vg2 [see Fig. 6(a)], the angle α increases from α1 to a2 .
As the motor operates at its rated voltage under constant load,
the motor fundamental current angle φm remains the same. As a
result, the trajectories of motor voltage Vm and motor current I
travel along the loci as arcs centered at point O. As the severity of
the sag increases and Vg is reduced, the angle α increases until
a critical condition is reached, where α = 90°, as illustrated
in Fig. 6(b). Under the critical condition shown in Fig. 6(b),
the motor current I and grid voltage Vg are in phase with each
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Fig. 6. Phasor diagram illustrating the system response to grid voltage sag:
(a) during voltage sag: Vg 1 goes to Vg 2 and (b) critical condition.

Fig. 7. Effect of the motor power factor angle φm on the critical condition
for the permissible maximum voltage sag compensation.

other and the system is operates with unity power factor at
the grid interface. Any further reduction in the grid voltage
Vg beyond this critical condition results in collapsing of the H-
bridge dc capacitor voltages and, consequently, collapsing of the
induction motor terminal voltage Vm . Therefore, the severity of
voltage sag that the proposed H-bridge system can ride through
is determined by the magnitude of the motor power factor angle
fm under the critical condition (see Fig. 7).

For an induction motor with a constant motor terminal volt-
age, different load conditions will result in a different FPFm

angle φm . Considering Fig. 7, it can be seen that the shape of
the right-angle triangle obviously changes with φm . Therefore,
the magnitude of Vg under the critical condition, and thus the
voltage sag ride-through capability of the system, will be a func-
tion of φm . Under a no-load condition, since the magnetizing
current forms a major component of the motor current, the mo-
tor power factor may be as low as 0.1–0.3 [48], which results
in a high value for φm (= 75° to 85°) (see Fig. 7). Therefore, a
small grid voltage Vg1 can be boosted with the help of a bridge
voltage Vb1 to maintain the motor at the rated terminal voltage
Vm1 . This means that if an induction motor is operating under
very light load, the grid voltage sag can go as low as 10%–30%
of the rated motor voltage while still maintaining the induction

motor at its rated voltage. However, under normal conditions
(80%–100% of the full load), the FPFm increases to typically
0.8–0.9 [48]. This means that the grid voltage sag that may
be endured may lie in the 80%–90% range of the rated motor
voltage.

Expressing these conditions mathematically, the voltage sag
ride-through capability depends on the FPFm and can be ex-
pressed as

V min
g = V rated

m cos∅m = V rated
m FPFm (3)

where V min
g represents the minimum grid voltage that the pro-

posed H-bridge induction motor drive system can cope with.
V rated

m represents the rated induction motor voltage, which is
assumed to be kept constant and can be obtained from the name-
plate of the motor. FPFm represents the FPFm , which is deter-
mined by the motor load condition. This relationship is con-
firmed in this study using experimental results.

The proposed three-phase floating H-bridge system is com-
patible with standard power distribution practices and has great
potential in retrofit applications. An interesting point to note is
that common practice often results in using the induction motors
that are often oversized due to an overestimation of the mechan-
ical power required by the load [49]. In both the industrial and
tertiary sectors in the European Union, the average induction
motor power factor is low at FPFm = 0.57 [50]. Therefore, if
retrofitted with the proposed three-phase floating H-bridge sys-
tem, a symmetrical grid voltage sag of 60% indefinitely relative
to the rated induction motor terminal voltage will not trip out
the motor. Depending on the grid voltage applied, the severity
of the voltage sag (in percentage) that the proposed H-bridge
system can cope with is calculated as

smin =
V rated

m FPFm

V rated
g

× 100% (4)

where smin represents the severity of voltage sag relative to
nominal grid voltage and V rated

g represents the rated grid volt-
age. As an example, if the motor is operated at a rated voltage of
230 V with a power factor of 0.82 (= full load), then operating
from a grid voltage of 208 V gives a value for smin at 0.91: if
the motor power factor is 0.3 (light load), then smin becomes
0.33.

IV. MOTOR FUNDAMENTAL CURRENT ANGLE ESTIMATION

Determining the voltage sag ride-through capability of the
three-phase floating H-bridge motor control system and pre-
dicting a value for the voltage sag limit (Smin ) depend upon
knowing the exact value for motor fundamental power factor
(FPFm ). FPFm varies with the motor load conditions, and direct
measurement of this quantity is not practically feasible due to
the voltage PWM waveforms experienced at the motor terminals
and noise interference. One solution is to apply a low-pass filter
on feedback signals; however, this may experience noise prob-
lems, attenuation, and signal delays and introduce phase shifts
in the motor voltage being monitored. These effects may have
a negative impact on the accuracy of the power factor measure-
ment. Alternatively, the motor power factor angle φm during
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Fig. 8. System vector diagram under nominal steady-state operating condi-
tions to predict the FPFm angle.

nominal grid steady-state operating conditions can be estimated
if the power factor angle φg at the grid can be measured reliably.
The controller (see Fig. 5) is designed to monitor the utility grid
parameters accurately using a PLL, and the grid voltage and
current can be monitored reliably and are natural signals to use
in the controller. Consider Fig. 8 and assume that the magnitude
of the grid phase voltage Vg can be measured.

The average dc capacitor voltage of the three H-bridges in the
proposed system can be measured as

V ave
dc =

V a
dc + V b

dc + V c
dc

3
. (5)

The modulation index ma of the H-bridge is kept fixed at its
maximum (ma = 1.12 was used in this study), and the funda-
mental component of the bridge voltage injected per phase Vb

is calculated as in (2). Using a PLL to track the grid voltage an-
gle θ (see Fig. 5), measurement of the three-phase grid currents
using Park’s transformation can then be used to obtain the grid
current angle φg = a tan(Iq/Id).

Assuming that the bridge losses are negligible, Vb is approx-
imately at 90° degrees relative to I (known error angles can be
used to correct for any differences)

α = 90◦ − φg . (6)

Applying the law of cosines and using phase quantities, the
motor terminal voltage can be obtained as

Vm =
√

V 2
g + V 2

b − 2VgVb cosα. (7)

Now, it is possible to construct an imaginary voltage vector
VX aligned with I (see Fig. 8). The length of the imaginary
voltage vector Vx is

Vx = Vg cos φg . (8)

Finally, given that Vb is approximately at 90° relative to Vx ,
motor fundamental power factor angle φm can be estimated as

∅m = cos−1 Vx

Vm
= cos−1

(
Vg

Vm
cos φg

)
. (9)

This relationship is verified in this study with experimental
results. Assuming a measured grid phase angle of 30°, Vg =
208 V and Vm = 230 V (using line voltage equivalents), then
φm = 38.4; and the maximum, or critical, voltage sag from (4)
has smin = 0.87.

V. REACTIVE POWER GENERATION

Under both nominal system operating conditions and under
conditions of grid voltage sag, the system current leads the grid
voltage (see Figs. 6–8). This represents VAR generation into
the grid, and analysis is presented to predict the VAR generated
under nominal and voltage sag conditions.

The voltage injected by the H-bridge (Vb) phase shifts the
induction motor terminal voltage (Vm ) so that it leads the grid
voltage (Vg ) (see Fig. 8). As a result, the induction motor current
vector (I) also leads the grid voltage (Vg ), generating VARs
instead of consuming. Taking into account the fact that the
voltage vector VX is in phase with I, the power factor of the
proposed three-phase floating H-bridge system, as seen at the
grid terminals, can be expressed as

FPFg = cos∅g =
VX

Vg
. (10)

In steady state, the grid leading fundamental power factor
(FPFg ) can be expressed as

FPFg =
Vm

Vg
FPFm . (11)

Equation (11) implies that the utility FPFg is proportional to
lagging motor FPFm , as long as the grid voltage (Vg ) and motor
voltages (Vm ) are kept constant. This means that with an in-
creasing motor load, the motor and the utility grid fundamental
power factors increase. The relationship in (11) is confirmed in
this study with experimental results. In steady state, the proposed
system supplies reactive power to the utility grid and, thus, im-
proves the overall system VAR requirement. During grid voltage
sags, Vg obviously decreases and the grid fundamental power
factor increases from (11). The VARs that are generated into the
grid can be calculated as

Q =
√

3VgI sin∅g (12)

Q =
√

3I

√
(Vg )

2 − (Vm )2 (FPFm )2 . (13)

Under constant motor voltage operation, as the motor load
increases, both the motor current I and FPFm increase. Equa-
tion (13) implies that if the utility grid voltage remains constant
and the proposed H-bridge system can maintain the motor ter-
minal voltage at its rated value, then a load increase does not
necessarily result in an increase or decrease of the VARs be-
ing generated. Equation (13) and the effect of load change are
investigated further using experimental results.

However, consider the voltage sag: if the motor voltage and
its load is assumed constant, the motor current is constant. Let
us assume a motor line voltage of 230 V, current of 13.6 A,
and FPFm of 0.82 lagging. Comparing a nominal grid voltage
of 208 V, with a 5% sag condition of 197.6 V, the grid VARs
generated change from 1192 to 802 VA, with φg changing from
leading by 24.9° to leading by 17.4°, as expected from Fig. 6.
These trends are investigated further with experimental results.
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Fig. 9. Test platform schematic.

Fig. 10. Experimental test facility: (a) H-bridge system with dSPACE con-
troller and (b) induction motor with PMDC generator.

VI. EXPERIMENTAL VALIDATION

A 230-V 5-hp motor–generator set was used as the test plat-
form. The schematic for the test platform is shown in Fig. 9. A
variac is used to step down the 208 V/60 Hz input voltage to the
test system to emulate balanced three-phase voltage sag. Three
single-phase floating H-bridges are installed between the variac
and the induction motor. A permanent-magnet dc (PMDC) gen-
erator is mechanically coupled with the induction motor, and a
variable resistor bank is connected to the dc generator armature
terminals to act as a variable load. Experimental test facility is
shown in Fig. 10.

The converters used in the experiment are custom-made
IGBT-based power converters. The converters use Semikron
(SKiM306GD12E4) IGBT modules. The single-phase floating
H-bridges were made up of two separate inverter legs, each with
a 4-mF dc capacitor with a voltage rating of 500 V. Through par-
allel connection, the equivalent capacitance per phase is 8 mF.
The induction motor was a general-purpose 5-hp 60-Hz/50-Hz
NEMA premium motor. The induction motor was a four-pole
inverter duty motor rated at 5 hp, 60 Hz, 230/460 V, 13.6/6.5
A, 1760 r/min (6000 r/min maximum). The motor nominal ef-
ficiency is 90.2% and 0.82 PF under full load. The load dc

machine was rated at 5 hp 180 V, 21.6 A, 1750 r/min, type
3681P TEFC, and design B, with a nominal efficiency of 84%
and is connected to a variable resistor bank that is rated at 250 V
with a resistance ranging from 7.81 to 83.3 Ω. The control al-
gorithm is implemented on a dSPACE DS1104 platform, with
a sampling frequency of 5 kHz and a switching frequency of
7.5 kHz.

A. Voltage Sag Tolerance

The experimental three-phase floating H-bridge motor con-
trol system was proven capable of boosting the motor voltage
to its rated value (230 V) when operated from a 208 V grid
and maintained the rated motor voltage under voltage sags of
various magnitudes (depending on the motor load conditions)
(see Fig. 11). Under full-load condition, the motor is operated
at a 0.76 power factor lag, with a rated voltage sustained at
a voltage sag of 176.5 V [see Fig. 11(a)]. When the motor is
under half load, it operates at a 0.58 power factor lag and with
a grid voltage dips down to 137.5 V [see Fig. 11(b)]. Under
no-load condition, motor operates at a 0.15 power factor lag and
the system tolerates maximum voltage sag down to 32 V [see
Fig. 11(c)].

In brief, the experimental results in Fig. 11 established the
following:

1) induction motor terminal line voltage can be maintained at
its rated value (230 V) for significant periods of time (no
less than hundreds of cycles) during voltage sags under
various load conditions;

2) the magnitude of the motor current stays the same during
voltage sag;

3) the lower the motor load, the deeper the voltage sag that
can be tolerated while maintaining rated motor voltage.

Another set of experimental results are presented to demon-
strate the voltage sag critical condition. Experimental results
for three different load conditions were taken under different
grid voltages (see Figs. 12–14): full load (I = 13.6 A, FPFm =
0.755); half load (I = 10.3 A, FPFm = 0.581); and no load (I =
7A, FPFm = 0.146). In these results, motor terminal voltage is
boosted to its rated value (230 V) by the three-phase H-bridge.
For each load setting, the motor power factor remains the same
for each set of results as the motor voltage is unchanged. Figs.
12–14 are actually another way of representing the phasor dia-
gram shown in Fig. 6(a). In all situations, the critical condition
is reached when grid fundamental power factor becomes unity
[see Figs. 12(c), 13(c), and 14(c)].

To validate the concept of voltage sag tolerance as identified
in (3), the motor power factor angle under various load condi-
tions were recorded using the estimation technique described in
Section IV. A FLUKE 39 power meter was used to monitor the
induction motor terminal voltage. A variac was used to simulate
symmetrical voltage sags of different magnitudes. Close atten-
tion was paid to record the deepest voltage sag without collaps-
ing of the induction motor terminal voltage (Vm,line = 230 V).
The experimental results of maximum voltage sag agreed very
well with theoretical predicted values (see Fig. 15).
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Fig. 11. Voltage sag ride-through performance: (a) full-load, voltage sag 85%
of rated grid voltage; (b) half-load, voltage sag 66% of rated grid voltage;
(c) no load, voltage sag 16% of rated grid voltage

To demonstrate the maximum voltage sag tolerance, smin
is plotted in Fig. 16. Under maximum load conditions, the
proposed power electronics system can tolerate a smin of 82%:
voltage sag up to 18% of the rated grid voltage for continuous
periods.

B. Reactive Power Generation

Reactive power generation capability of the proposed H-
bridge system under constant grid voltage (Vg = 208 V) and
constant motor terminal voltage (Vm = 230 V) but under vari-
able motor load conditions (from no load to full load) is shown

Fig. 12. Reactive power generation of the proposed H-bridge induction mo-
tor drive system under the full-load condition (I = 13.6 A, FPFm = 0.755):
(a) Vg = 196 V, (b) Vg = 184 V, and (c) Vg = 176.5 V.

in Fig. 19. Under fixed grid voltage and constant motor voltage,
the grid reactive power generation depends on the FPFm (13).
Figs. 17 and 18 compare the theoretical and experimental predic-
tions of the grid fundamental power factor angle and the motor
fundamental current angle. Experimentally, the grid and FPFm

angles were measured using a FLUKE 39 power meter. Simula-
tions were also carried using MATLAB Simulink simulations.
Experimental and theoretical values for the motor fundamental
current angle (φm ) (see Fig. 17) were in good agreement: the
difference experienced with the simulation results were could
be caused by parameter variations in the motor model used.

The experimental fundamental grid angle (φg ) is plotted as
a function of the motor load in Fig. 18 and compared with
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Fig. 13. Reactive power generation of the proposed H-bridge induction motor
drive system under the half-load condition (I = 10.3 A, FPFm = 0.581):
(a) Vg = 196 V, (b) Vg = 159.2 V, and (c) Vg = 137.5 V.

theoretical predictions using (11): the motor is operated at rated
230 V and the grid at 208 V. In steady state, as the motor
load is increased, φg goes down (Vm and Vg are constant, but
φm decreases with an increasing load), thus resulting in an
increasing fundamental power factor at the point of coupling
(PCC).

Good agreement is obtained between theoretical predictions
using (13) and experimentally measured values, as can be seen in
Fig. 19. The slight deviation between predictions and measured
results could be caused by the impedance of the variac used.

The reactive power delivered to the grid remains relatively
flat despite the large variations in the motor load. This means,
approximately, the operation of the proposed three-phase

Fig. 14. Reactive power generation of the proposed H-bridge induction motor
drive system under no load condition (I = 7 A, FPFm = 0.146): (a) Vg = 202 V,
(b) Vg = 85.7 V, and (c) Vg = 32 V.

Fig. 15. Comparison between theoretical and experimental values of maxi-
mum voltage sag while maintaining the rated motor voltage.
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Fig. 16. Severity of voltage sag as a function of load condition.

Fig. 17. Comparison of the motor fundamental current angle (φm ) lag as a
function of the motor load condition [see (9)].

Fig. 18. Comparison of fundamental grid angle (φg ) as a function of the
motor load condition.

Fig. 19. Reactive power generation trend of the proposed H-bridge induction
motor drive system.

floating H-bridge and induction motor can be modeled as a
constant reactive power generator for the grid.

VII. CONCLUSION

The voltage sag ride-through capability of a three-phase float-
ing capacitor H-bridge system was presented that was used to
control the voltage of an induction machine. A controller was
described that changed the angle of the injected voltage by
the three-phase H-bridges to control the motor voltage at some
constant desired value, such as the motor rated voltage, even
during periods of grid voltage sag. The reactive power gener-
ation capability of this system was presented as a function of
the motor load and the degree of grid voltage sag experienced.
The effectiveness of the voltage sag ride-through capability of
the proposed system was closely related to the motor power
factor angle. Generally, the higher the induction motor load, the
lower the tolerance of the system to grid voltage sags. The lowest
tolerance happened when the induction motor was fully loaded
and when the motor power factor was at its highest. Theory was
presented that allowed the largest voltage sag to be predicted,
or alternatively the lowest grid voltage, while maintaining the
motor at its rated voltage. Unity power factor operation of the
proposed H-bridge system is possible, which also corresponds
to the critical condition for the maximum voltage boosting of in-
duction motor voltage. Further reduction in grid voltage beyond
the critical condition resulted in the collapsing of the H-bridge
dc capacitor voltages and, consequently, collapsing of the in-
duction motor terminal voltage. As the motor load increased
under constant motor voltage control, the power factor of the
proposed H-bridge, as seen at the utility grid, increased with
the motor power factor. However, the reactive power generated
by the proposed H-bridge system remained relatively flat de-
spite variations in the motor load, which means the proposed
system can be modeled as constant reactive power generator for
the grid.
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