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Abstract: Numerous industrial applications involve loads that are very sensitive to electrical supply
instabilities. These instances involve various types of voltage imbalances as well as more serious
disturbances such as symmetrical and asymmetrical faults. This paper proposes a cost-effective
voltage imbalance and asymmetrical fault correction solution for the three phase sensitive loads
utilizing an industry-standard current regulated voltage source inverter by connecting it in parallel
to the grid mains powering to the sensitive load. The inverter regulates the current for the load and
never permits it to go beyond a prescribed value under any type of asymmetrical fault condition,
which ensures high power regulating and conditioning capacities. Experimental results are obtained
from a small laboratory size prototype to validate the operation of the proposed technique.
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1. Introduction

Fault management is a matter of great interest since electrical disturbances can cause a number of
serious problems in the electrical transmission and distribution systems as well as for sensitive loads.
In general, faults can either be symmetrical or asymmetrical. Symmetrical faults constitute a three
phase short circuit, which leads to severe voltage sags. Fortunately, they are rare in power systems.
Asymmetrical faults cause voltage sags of a magnitude depending upon the distance between the fault
location and the load. In addition, they are much more common in power systems [1-4]. Since a three
phase fault sometimes involves complete interruption of the power flow from the utility, this type of
condition can only be effectively dealt with by utilizing an expensive uninterruptible power supply
(UPS) system having a separate battery or diesel generator power supply.

Typical examples of industrial applications that demand a tightly regulated power supply include
semiconductor processing, electromagnetic compatibility (EMC) testing, electromagnetic interference
(EMI) testing and magnetic field generation. The conventional means to deal with this problem is by
installing various types of power compensating and conditioning equipment or by providing custom
power supply containing dedicated power electronic components [5-9]. While these solutions are
effective, they are costly and used only in a few applications. Furthermore, they require a minimum of
quarter cycle for the starting of operation, which restricts them to only being adopted in extremely
sensitive load applications [10]. In addition, since most of the power conditioning and regulating
devices are voltage controlled, they come up with performance issues while powering nonlinear loads.

A much less expensive solution with power regulating and conditioning capabilities is possible if
protection against any of the fault conditions other than a three phase fault is considered adequate.
This paper proposes a lower cost solution to this problem, in which a conventional cost-minimized
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rectifier /inverter normally utilized as the electrical supply for a variable frequency AC motor load is
used to regulate power for the sensitive load.

In the proposed system, the inverter is always physically connected to the load and can thus react
almost instantly to a disturbance in the power supply. The sole responsibility of the inverter is to
keep three phase load currents constant and balanced. If the power system experiences any type of
asymmetrical fault or suffers from a source voltage imbalance, the power is then balanced by a current
regulated voltage source inverter using recently developed variable frequency motor control [11,12].
However, they are also ideally suitable to directly controlling AC currents with any balanced load, with
or without an associated EMF (i.e., motor load). Although the asymmetrical fault causes a disturbance
to the DC voltage link of the power converter of the proposed system, it is shown that this effect can
be effectively eliminated by tight regulation of the inverter current. Thus, the possibility of damage to
the system equipment, consumer’s critical loads and the interruption of service to a consumer can be
eliminated during the vast majority of fault conditions.

2. Causes, Effects and Existing Solutions of Asymmetrical Faults

Weather conditions, tree branches, human or animal contacts and insulation failure can generate
symmetrical as well as asymmetrical faults. Relatively few loads, close to the fault location will go
through the worst possible fault condition and often experience a sag close to zero followed by an
interruption due the operation of circuit breakers installed at the utility side. However, the majority
of loads, which are, generally, away from the fault location, will experience a sag of a magnitude
depending upon the distance between the load and fault location, and the duration required for the
operation of the protection devices and schemes installed at the utility side [13]. The magnitude
of these sags is always lower than those close to the fault location. To investigate the effect of the
asymmetrical fault on a sensitive load, simulations have been performed during the worst possible
fault condition for the load (i.e., close to the fault point F), using a passive grounded load of 500 VA.
For generalization, the load currents are assumed to be in per unit (p.u) system here. During such
loading and operational conditions, when a phase A, undergoes a single-line-to-ground (S-L-G) fault
the phase currents for the load will be:

I, = 0andI, = I, = 1(p.u) 1)

Similarly, when two phases, A and B, simultaneously experience a ground fault, ie.,
double-line-to-ground (D-L-G), the phase currents for the load will be:

I, =1, = 0andl, = 1(p.u) 2)

However, in the case of a single-line-to-line (S-L-L) fault between the two phases, A and B, the
relations for the phase currents of the load will be:

I, = — IyandI, = 1(p.u) 3)

Figure 1a—c show the simulations results for the load currents when a load experiences a single
line-to-ground, double-line-to-ground and line-to-line faults, respectively.

Statistical data have shown that sags decreasing the nominal line voltage to 40%-50% and
lasting for less than 2 s results in about 92% of the total interruptions encountered by the industrial
applications [14]. These interruptions cause significant financial loss, depending on the nature of the
application. A semiconductor facility could suffer up to USD 1 million in losses per voltage sag event
if it processes 200 mm wafers [15].

The conventional means for industrial consumers to deal with asymmetrical faults and to
avoid substantial financial losses is to install various types of power regulating and conditioning
devices (for example, series voltage sag compensator, isolated parallel voltage sag compensator, spike
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suppressor, voltage regulator, transformerless dynamic series compensator, efc.) within the sensitive
load applications. Some of these devices require transformers for the electrical isolation purpose,
which increases the overall size, cost, and weight of the system and hence, makes them unfavorable to
be installed within domestic and industrial applications. However, most of them require a time interval
(around a quarter cycle) to detect the fault and to start power regulating functions. Though this time
interval does not affect most of the applications, but can cause serious malfunction problems for critical
loads, such as for semiconductor processing, EMC and EMI testing, magnetic field generation, efc.
Furthermore, since these devices are voltage controlled, they have some performance issues when
dealing with nonlinear loads. Some equipment in the market with internal energy storage, like online
UPS systems, has been designed to encounter the voltage sag effects for the sensitive loads with
the best power regulating and compensating capabilities. However, their low efficiency, and high
acquisition and operational costs rule them out broadly for noncritical industrial and commercial
applications [16,17].
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Figure 1. Load currents during: (a) single-line-to-ground (S-L-G), (b) double-line-to-ground (D-L-G),
(c) single-line-to-line (S-L-L) faults (X-axis: 0.01 s/div; Y-axis: 0.5 p.u/div).
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3. Proposed Asymmetrical Fault Correction Technique

The proposed asymmetrical fault correction technique for the sensitive loads is based upon
following principles:

e Itshould provide protection to sensitive loads during all types of asymmetrical faults occurring,
whether near or far from the fault point/location.

e The control scheme should be based on a current regulation algorithm to avoid performance
issues while dealing with a large number of nonlinear loads for industrial use.

e  The proposed topology should be economical, with an instant response to ensure high power
regulating and conditioning capabilities and to make it feasible for all sensitive load applications.

3.1. Operating Principle

A simple diagram of the proposed asymmetrical fault correction technique is shown in Figure 2.
However, Figure 3 shows a complete diagram of the proposed technique. In the circuit shown in
Figure 3, a typical current regulated voltage source inverter is connected in parallel to the utility mains
feeding the sensitive load. The proposed system is also equipped with an isolating thyristor bank
(or contactors). During normal operation, the sensitive load is supplied power by the grid/power
supply and the load currents are monitored throughout. Meanwhile, the DC link capacitor is charged
through charger/rectifier. During any sag that causes the load current to collapse to 1%~50% of the
rated load current, the inverter instantly injects the difference between the rated load and the utility
currents without employing the isolating thyristors. However, during any S-L-G, D-L-G, and/or S-L-L
faults that causes one or two of the phases decrease to 50% of the rated phase current, the isolating
thyristor bank becomes activated to isolate the faulty phase from the load and the inverter instantly
supplies the faulty phase current to the load, to keep the load current constant throughout the fault
duration. Since the proposed system is for critical applications that require constant currents, the
reference currents are fixed for any particular load application. If the load is changed, the reference
currents can be adjusted accordingly. This can be done using an outer voltage loop. Under such
condition, the controlled error signal of the voltage loop generates the reference for the inner current
loop. This enables the proposed asymmetrical fault correction technique to correct the sags for any
loading condition, regardless of the distance between the load and the location of the fault.

l- Isolating Thyristors Toad

Grid/Power Supply
P
e L
I Load  Sensitive
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=C|4[ X -#]Filter
Link | -
INI
Rectifier Inverter

Figure 2. Simple diagram of the proposed asymmetrical fault correction technique for sensitive loads.
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Figure 3. Complete diagram of the proposed asymmetrical fault correction technique for a
sensitive load.

3.2. Current Regulating Algorithm

Current regulation for the proposed asymmetrical fault correction technique is achieved through
a Pl regulator implemented in the stationary frame of reference as discussed in [18]. Figure 4 shows
an “average value model” block diagram of the inverter of proposed fault correction technique. In
the given diagram, U(s) is the rated load current, E(s) is the error of feedback and rated load currents,
and Vpc is the forward gain of a linear amplifier, which replaces the PWM modulator. The grid input
current is modeled as a current injection I(s), and Y(s) is the required output current of the inverter to
obtain the regulated current for the load.

1(s)

|

Gel(2) Transport Delay Z(8)
ES 700 Ge(s) 17 Voe Gio($)

— O~~~ —O0—[J

U(s) ] Y (s)

Figure 4. Average value model block diagram of the proposed asymmetrical fault correction technique.

The transfer function of the current regulated voltage source inverter is given by:

U(s) x Ge(s) x Vpe x Gp(s) I(s) x Z(s) x G(s)
1+ Ge(s) x Vpc x Gp(s) 1+ Ge(s) x Vpc x Gp(s)

Y(s) = 4
The function of the controller G.(s) in this system is to match the output currents Y(s) to the rated
load currents U(s) as close as possible. Circuit theory yields an R/L “plant” transfer function of:

1

Gp(S) = m/

T=L/R ®)
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The transfer function of load impedance Z(s) is:
Z(s) = R(s) +sL(s) (6)
where R(s) is the load resistance and L(s) is the load inductance.
Gc(s) is the transfer function of the PI regulator and is given by:
Ge(s) =K, [1+ 1 (7)
e F STy
where 7, is the ratio of the proportional and integral gains (Kp /K;).
The Open Loop Forward Path Gain of the proposed system is:
Gch(S) = GP(S) x Vpc x Ge(s) 8)

By substituting Equations (5) and (7) into (8), the Open Loop Forward Path Gain of the proposed
system will be:

_ Vpc x Kp 1+sT,
CrGels) = s, *sA+sT) ©

which is a second order system and has a phase response that is an asymptote of —90° at high
frequencies [19,20].

The total transport and sampling delay for the implemented current-regulating algorithm for the
inverter is about 0.75 of the carrier period. The control loop delays can be modeled using Z-transform
theory [21,22] with a zero-order-hold (ZOH) element to model sampling delay and a 1/Z block in series
with the controller to model transport delay. Figure 5 shows a Bode plot of the Open Loop Forward

Path Gain of the implemented current control algorithm, with the effects of transport and sampling
delays included.

Magnitude (dB)
|

Phase (deg)

10° 10* 10 10°
Frequency (rad/sec)

Figure 5. Bode plot of Open Loop Forward Path Gain for implemented controller with effects of
transport and sampling delays.

3.3. Advantages of the Proposed Technique over Existing Solutions

The advantages of the proposed asymmetrical fault correction fault correction technique are
discussed in terms of protecting, power conditioning and regulating capabilities. A detailed
comparison on the basis of protection capability for various power conditioning equipment is given
in [23]. However, this paper includes the comparison of the proposed fault correcting system with the
conventional power conditioning systems mentioned in [23], as shown in Table 1. In the comparison,
it is shown that the proposed fault correction technique solves most of the power quality issues,
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except interruptions between 0.15 and 500 s and outages greater than 500 s. This is due to the energy
storage limitations of the DC link. However, since the proposed technique is based on current control
algorithm, it offers better performance when dealing with nonlinear loads. Since an online UPS system
provides the best power conditioning and regulating capabilities, a detailed comparative analysis of
the proposed technique and the online UPS system is carried out (Table 2). This table shows that the
primary powering path for an online UPS system is inverter; however, the proposed fault correction
technique uses utility in this regards. The efficiency of an online UPS system is lower than the proposed
technique. This is because the operation of an online UPS system involves double conversion of power,
i.e., AC/DC and DC/AC, which increases the overall capacity of the system to 210% of the rated power
(100% for the inverter and 110% for the rectifier since it powers the DC link as well as the inverter
simultaneously) [24]. However, the overall power capacity of the proposed system is around 110%
(100% for the inverter and 10% for the rectifier since it only charges the DC link of the inverter). The
size, cost and weight of an online UPS system are also higher than the proposed system.

Table 1. Comparison of various conventional power conditioning equipment mentioned in [23] and
proposed technique.

Tvoe of Event Spike Voltage Transformerless Dynamic UPS Proposed

yP Suppressor Regulator Series Compensator (DySC) Systems System

Spikes and Surges Solves Solves Solves Solves Solves

Sag to 80% No Solves Solves Solves Solves

Sag from 50%-80% No No Solves Solves Solves

Interruption 0-0.15 s No No Solves Solves Solves
Interruption 0.15-500 s No No No Solves No
Outage > 500 s No No No No No

Table 2. Comparison of the proposed fault correction technique and an online UPS system.

Attributes On-Line UPS System Proposed System
Primary Powering Path Inverter Grid
Efficiency Lower High
Power Regulating and Compensation Capabilities Yes Yes
Cost, Size and Weight Higher Lower
System Starting Time Zero Negligible

4. Experimental Results

To validate the proposed fault correction technique for sensitive loads, a small prototype of the
system in Figures 2 and 3 has been constructed. The system parameters are given in Table 3.

Table 3. System parameters.

Parameter Value
Utility /Grid 220V,50 Hz
DC Bus Voltage 365V
Switching Frequency (fs) 10 kHz
Load Resistance 160 Q)
Load Inductance 21.5 mH
Filter Inductance (L 1) 0.265 mH

The hardware for the proposed asymmetrical fault correction technique for sensitive loads
consists of three major parts: a digital signal processor (DSP) controller for implementing the control
requirements for the inverter of the proposed system, power components to handle the power
flow, and an RL load. A DSP processor TMS320F28335 from Texas instruments with external clock
of 150 MHz is used for processing the data. A 12-bit ADC channel from this DSP controller has
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been used to sample the load current signals coming from the current sensors. A carrier frequency
of 10 kHz is used to generate pulse width modulation (PWM) signals. A PI regulator having
proportional (Kp) and integral (K;) gains of 5 and 0.5, respectively, is programmed. The controller is
implemented in a stationary frame of reference using a DSP processor to regulate the load current
during any asymmetrical fault condition.

The experimental results of the proposed fault correction technique are discussed with the
following conventions labeled on the figures:

I1oad, Load current;

IGyiq, Power supply/Grid current; and

I110erter, Inverter current.

During normal operation, the load is supplied current from the grid and the DC link capacitor is
charged through the rectifier. Ata particular moment, say f = ¢, an asymmetrical fault is assumed
to occur at the utility side and the isolating thyristor bank becomes activated to isolate the faulty phase
from the load. Meanwhile, the inverter instantly supplies the faulty phase current to the load to keep
the load current (I} ,,4) constant. Figure 6a shows the experimental results for the grid/power supply
currents (Ig,;4) after the isolation of faulty phase, when the grid suffers a S-L-G fault. Figure 6b shows
the constant and balanced load current obtained during such a condition using the proposed fault
correction technique. Experimental waveforms for the grid (I5,i;) and load currents (I,,4) during
D-L-G and S-L-L faults are shown in Figure 7a,b. However, the inverter response during S-L-G, and
D-L-G and S-L-L faults is shown in Figure 8a,b.

I Grig (A)

I10ad A)

Time (s)
(b)

Figure 6. Experimental waveforms of the: (a) grid currents (Ig,iz); and (b) load currents (I1,,4)
with the proposed asymmetrical fault correction technique during a S-L-G fault (X-axis: 20 ms/div;
Y-axis: 1 A/div).
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Figure 7. Experimental waveforms of the: (a) grid currents (I5,;4); and (b) load currents (I} ,,;) with the

proposed asymmetrical fault correction technique during S-L-L and D-L-G faults (X-axis: 20 ms/div;
Y-axis: 1 A/div).
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I mverter (A)

Time (s)
(b)

Figure 8. Experimental waveforms of inverter currents (I1,yerer) with the proposed asymmetrical fault
correction technique during: (a) S-L-G; (b) S-L-L; and D-L-G faults (X-axis: 20 ms/div; Y-axis: 1 A/div).

From the given experimental results, it can be seen that the load currents with the proposed
fault correction technique are balanced and constant if the power supply goes through any of the
above-mentioned asymmetrical faults. These experimental results are obtained when the sensitive
load is operating near the fault location i.e., worst fault condition. Since the majority of loads operate
far from the fault location and experience voltage sags of different magnitude, experimental results
have been obtained during a sag for 8 ms in order to investigate the operation and performance of
the proposed fault correction technique. Figure 9a shows the experimental waveforms of the grid
current (Ig,4) showing that when t = £ ¢4, the grid undergoes a fault and starts supplying a sag for
8 ms after every half cycle. During such a condition, the inverter instantly supplies the supplementary
current for the same interval to the load to keep the load current constant. This results in a seamless
compensation of load currents. Figure 9b,c show the inverter and load currents. While operating with
the proposed faults correction technique, the DC link voltage of the power converter also undergoes
disturbances, caused by the asymmetrical faults at the grid side. However, this effect is effectively
eliminated by tight regulation of the inverter current. Figure 10a—c show the change in the DC link
voltage during such faults. Since the holdup time of the proposed system against the instabilities
is utterly dependent on the size of the critical load and the energy storage capability of the system,
important consideration should be given to the DC link capacitance of the system before installing the
proposed system along with a sensitive load of specific rating [25]. The compensation energy, power,
and the DC link capacitance can be expressed as follows:

1
E = ECDC (Vdcch - VzGrid?peak) U] (10)
P CDC (VdczDC - V2Grid_peak) W 11
- 2T [ -
PT
Cpe = [F] (12)
0.5 (VdCZDC - VZGrid_peuk)

where T is the compensation time [26].
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I Gria (A)

I nverter (A)

I10ad A

Figure 9. Experimental waveforms of: (a) grid currents (I5,;4); (b) inverter currents (I1,yerter); and

(c) load currents (I1y,7) with the proposed asymmetrical fault correction technique during a sag for 8 ms
after every half cycle (X-axis: 20 ms/div; Y-axis: 1 A/div).
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Figure 10. DC link voltage (V) when the grid experiences: (a) S-L-G; (b) S-L-L; and (c) D-L-G faults
(X-axis: 0.1 s/div; Y-axis: 5 V/div).

5. Conclusions

A solution to the problem associated with asymmetrical faults and imbalances has been discussed
in this paper. This paper proposes that, by integrating a standard current regulated voltage source
inverter in parallel to the load and utility mains, any of the asymmetrical fault or imbalance can be
avoided for sensitive loads.

The proposed technique avoids interruption of the power supply during the faults and
provides instant protection to critical loads with high power regulating and conditioning capabilities.
Furthermore, since the proposed fault correction technique is based upon current regulating algorithm,
it will offer better performance compared to the typical sag correction techniques while dealing with
nonlinear loads. In addition, the proposed technique requires only a typical, standard inverter normally
utilized as the electrical supply for a variable frequency AC motor load, which makes it economical for
sensitive load applications that do not warrant the use of a custom power supply.
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