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Abstract— The proposed paper, Survey results recommend that 92% of intrusion at mechanical offices is voltage hang related.
The voltage list compensator, in light of a transformer-coupled arrangement associated voltage-source inverter, is among the
most savvy arrangement against voltage hangs. At the point when voltage lists happen, the transformers, which are frequently
introduced before discriminating burdens for electrical disengagement, are presented to the deformed voltages and a dc
counterbalance will happen in its flux linkage. At the point when the compensator restores the heap voltage, the flux linkage
will be determined to the level of attractive immersion and serious inrush current happens. The compensator is liable to be
intruded on as a result of its own over present insurance, and in the long run, the remuneration fizzles, and the basic burdens are
hindered by the voltage droop. This paper proposes an inrush current relief system together with a state-input controller for the
voltage droop compensator. The operation standards of the proposed system are particularly exhibited, and tests are given to
accept the proposed methodology.
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. INTRODUCTION

POWER quality issues have gotten much consideration as of late. In numerous nations, innovative producers move in industry
parks. Accordingly, any force quality occasions in the utility network can influence countless. Records demonstrate that voltage
list, homeless people, and passing interference constitute 92% of the force quality issues [1]. Voltage droops regularly interfere
with discriminating loads and results in significant profit misfortunes. Commercial ventures have embraced the voltage hang
compensators as a standout amongst the most financially savvy ride-through arrangements [2]-[7], and most compensators can
finish voltage rebuilding inside a quarter cycle. Then again, the heap transformer is uncovered under the disfigured voltages
before the reclamation, and attractive flux deviation may be produced inside the heap transformers. When the heap voltage is
restored, the attractive flux may further float past the immersion knee of the center and lead to huge inrush current. The over
present insurance of the compensator could be effectively activated and lead to recompense disappointment.

Different transformer inrush diminishment procedures have been exhibited, such as controlling force on point and the voltage
size [8]-[12], or effectively controlling the transformer mongrel rent [13]-[15]. These systems could undoubtedly change the
yield voltage waveforms of the converter, and therefore, is not suitable for voltage list compensator, which request exact point-
on-wave reclamation of the heap voltages.

In this paper, the inrush issue of burden transformers under the operation of the list compensator is introduced. An inrush
alleviation procedure is proposed and actualized in a synchronous reference outline voltage hang compensator controller. The
proposed system can be incorporated with the traditional shut circle control on the heap voltages. The new incorporated control
can effectively lessen inrush present of burden trans-formers and enhance the aggravation dismissal capacity and the heartiness
of the hang compensator framework. Research facility test outcomes are introduced to approve the proposed framework.

Il. SYSTEM CONFIGURATION OF THE PROPOSED COMPENSATOR
As shown in Fig. 1, the voltage sag compensator consists of a three-phase voltage-source inverter (VSI) and a coupling
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transformer for serial connection. When the grid is normal, the compensator is bypassed by the thyristors for high operating
efficiency. When voltage sags occur, the voltage sag compensator injects the required compensation voltage through the
coupling transformer to protect critical loads from being interrupted. However, certain detection time (typically within 4.0 ms)
is required by the sag compensator controller to identify the sag event [16]-[18]. And the load transformer is exposed to the de-
formed voltage from the sag occurrence to the moment when the compensator restores the load voltage. Albeit its short
duration, the deformed voltage causes magnetic flux deviation inside the load transformer, and the magnetic saturation may
easily occur when the compensator restores the load voltage, and thus, results in the inrush current. The inrush current could
trigger the over current protection of the compensator and lead to compensation failure. Thus, this paper proposes an inrush
mitigation technique by correcting the flux linkage offsets of the load transformer, and this technique can be seamlessly
integrated with the state-feedback controller of the compensator.
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Fig. 1. Simplified one-line diagram of the offline series voltage sag compensator.
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Fig.2. Per-phase equivalent circuit of the series voltage sag compensator.

The dynamics of the sag compensator will be described. The proposed inrush mitigation technique and its integration with the
voltage and current closed-loop controls are also presented.

A. Dynamics of the Sag Compensator

The dynamics of the sag compensator can be represented by an equivalent circuit in Fig. 2. Generally, the sag compensator is
rated for compensating all three-phase voltages down to 50% of nominal grid voltage. The coupling transformer is capable of
electrical isolation or boosting the compensation voltage. In the proposed system, the turns ratio of the coupling transformer is
set on unitary (N1:N2 = 1:1) to provide the maximum compensation voltage of the 50% of nominal value. Moreover, the
leakage inductor of the coupling transformer is used as the filter inductor Lf and is combined with the filter capacitor Cs
installed in the secondary winding of the coupling transformer to suppress pulse width modulated (PWM) ripples of the inverter
output voltage v,,. The dynamics equations are expressed as follows:
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Where [Vina Vimb Vimne] T iS the inverter output voltage, [ima imp imc] T 1S the filter inductor current, [Vea Ve Ve ] T is the compensation
voltage, and [i ., iy ic]T is the load current. Equations (1) and (2) are transformed into the synchronous reference frame as the

following:
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Where superscript “e” indicates the synchronous reference frame representation of this variable and ® is the angular frequency
of the utility grid. Equations (3) and (4) show the cross-coupling terms between the compensation voltage and the filter inductor
current. The block diagram of the physical circuit dynamics are illustrated in the right-hand side of Fig. 3. B. Voltage and
Current Closed-Loop Controls Fig. 3 shows the block diagram of the proposed control method. Note that the d-axis controller is
not shown for simplicity. The block diagram consists of the full state-feedback controller [19]-[22] and the proposed inrush
current mitigation technique. The feedback control, feed forward control, and decoupling control are explained as follows.

1) Feedback Control: The feedback control is to improve the precision of the compensation voltage, the disturbance rejection
capability, and the robustness against parameter variations.

As shown in Fig. 3, the capacitor voltage v°;qand the inductor current i’y are handled by the outer-loop voltage control and the
inner-loop current control, respectively. The voltage control is implemented by a proportional gain K,, with a voltage command
v produced by the voltage sag compensation scheme.

The current control also consists of a proportional control gain Ky, to accomplish fast current tracking.

2) Feed forward Control: To improve the dynamic response of the voltage sag compensator, the feed forward control is added to
the voltage controller to compensate the load voltage immediately when voltage sag occurs. The feed forward voltage command
can be calculated by combining the compensation voltage and the voltage drop across the filter inductor L.

3) Decoupling Control: The cross-coupling terms are the result of the synchronous reference frame transformation, as in (3) and
4). The controller utilizes the decoupling terms to negate the cross coupling and reduce the interferences between
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Fig. 4. Connection diagram of the proposed system and the delta/wye load transformer.

the d—q axes. Fig. 3 shows that the decoupling terms can be accomplished by the filter capacitor voltage v , the filter inductor
current i°y,4 , and the estimated values of the filter capacitor and the filter inductor.
C. Inrush Current Mitigation Technique

1) Flux Linkage Deviation due to Sags: Fig. 4 shows the equivalent circuit of the phase a and b winding of the delta/wye
three-phase load transformer installed in downstream of the voltage sag compensator. The flux linkage of the phase a and b
winding is expressed as follows:

L
Apaslt) = f Up s (7 )dT. (5)

Fig. 5 illustrates the line-to-line voltage across the transformer winding and the resulting flux linkage from the sag occurrence to
completion of the voltage compensation.

When voltage sag occurs (t = tyg), the controller detects the sagged voltage and injects the required compensation voltage at t
= traction. The flux linkage of the transformer winding a and b during the voltage compensation process can be expressed as
following:

Eaztine
Apas(t) = Apap(thli—c,y + f Vpas(T ) dr
-

ang

£
1 / vl ap(T)dT (6)

tariian

Where v 4, is the normal load voltage defined as follows:

ul a(t) = Vi sin{wt + B2 ,) Wi
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Fig. 6. Phasor diagram of the utility voltage under the various types of voltage sags (V: voltage magnitude of the normal state)
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Fig. 5. Transformer voltage and corresponding transient flux linkage.

Equation (6) can be rewritten as follows:

VLas(t) = Vias(1 — u) sin(wt + @ 5 + Oras)

for tsng 'E t 1“" t|:,|:|'.'m-|:|

whereV' |, is the magnitude of load voltage, is the grid frequency, and @+ 4, is the phase angle. Thus, after the voltage
compensation is completed, the flux linkage can be expressed as follows:
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The flux linkages of other transformer windings can also be derived by the same procedures. Equation (9) states that the sagged
voltages cause the flux-linkage dc offset AL 5 On the transformer windings, and its magnitude is dependent on the depth, the
duration, and the point-on-wave of sagged voltages. In the paper, the IEEE P1668 standard is utilized to investigate the flux
linkage deviation of the load transformer caused by the line fault, where the phasor diagram of the utility voltage under the
various types of voltage sags is given in Fig. 6 [23]. Assuming that the deformed grid voltage imposed upon the load
transformer is

Laction
Bt Ol = [ (Weaslr) = v alr)dr. 9)
‘:-g
Where u (0 <u < 1.0) is depth of voltage sag and 6, 4, is the phase shift during the fault event. According to (9), Fig. 7 shows
the analytical results of the maximum flux linkage deviation of all three transformer windings, assuming the load transformer
(with delta/wye connection) is exposed to various types of the voltage sags of IEEE P1668 for the range of 1.0-6.0 ms before
the voltage is restored by the sag compensator. Along different point-on-wave of voltage sags, the maximum value of flux link-
age deviation reaches 36%-62% after the sag compensator is started, as shown in Fig. 7, which could easily induce a significant
inrush current. Based on the B—H curve of the transformer core, Fig. 7 can be utilized to evaluate the effect of the voltage sags
on the transformer flux linkage deviation and the magnitude of resulting inrush current. If the load transformer has a low-
saturation threshold, large flux linkage deviation incorporating a high inrush current will pose a great risk for the sag
compensator and the critical loads.

2) Design of the Flux Linkage Estimator: Fig. 8 is a per-phase model of a three-phase transformer under load, where R; and
R, represent the copper losses, L, 1 and L, , are the equivalent leakage inductances, R. represents the core losses, is the
magnetizing inductance.

The dynamics equation of the load transformer can be represented in the synchronous reference frame as follows:

A% vt =
q Lg Lg
) [li"] R ["”’id} e [iid]
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Fig. 7. Maximum flux linkage deviation of the load transformer with the delta/wye connection under the various types of
voltage sags (IEEE P1668).
(a) Type A. (b) Type B. (c) Type C. (d) Type D. (e) Three-phase sags.
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Fig. 8. Equivalent per-phase circuit model of the load transformer.
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Where the frequency w (=377 rad/s) is the angular frequency of the utility grid. A flux linkage estimator based on (10) can be
implemented, as shown in Fig. 9. This transformer flux estimation scheme is applied to the proposed inrush mitigation
technique, which includes the feedback and feed forward control of the flux linkage.

The integration of voltage and current closed-loop controllers and the transformer flux estimator are shown in Fig. 3. In the
control block diagram, the flux estimator is used for the load transformer with delta—wye connection. Thus, a transformation
from the line-to-neutral voltage to the line-to-line voltage is ap-plied to obtain the voltages across the transformer windings. In
practical applications, moreover, the integrator in the proposed flux estimator is usually implemented as the low-pass filter with
an extremely low cutoff frequency (1/(s + w. )) to provide sta-bility and avoid any accumulative errors caused by the signal
offset from the transducers and the analog/digital converters.

In the feedback control loop, the flux linkage command 4° % is calculated based on prefault load voltage v,°  , and the
estimated flux linkage 4°_q is generated by the flux linkage estimator in

Fig. 9. Proposed flux linkage estimator under the synchronous reference frame.
Fig. 9. The error between 4° 4 and A°_ 4 is regulated by a PI regulator.
To speed up the dynamics response of the inrush current mitigation, the estimated flux linkage deviation AA% o (Z2°.% — A°L )
is also utilized as a feed forward control term. The feed forward command calculator can generate a suitable feed-forward flux
command according to the estimated flux link-age deviation AZ% 4 and AJ°_ 4 to accelerate the correction of flux linkage during
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the compensator starting transient. Details of the feed forward command calculator and the design pro-cess are given in [25].
The flux linkage controller eventually produce the voltage command v, , as shown in Fig. 3. The complete command voltages
of the sag compensator are established by the summation of v,*+, and v,,°* (from the voltage and current closed-loop control).
The proposed control method enables the voltage sag compensator to perform an excellent load voltage tracking and prevent the
inrush current in the load transformer.
TABLE |
PARAMETERS OF THE CONTROLLER

Koy Kyi Ky Kpx Kn,
1 3.2 400 13 100

In practical application, the load transformer may operate at the saturation knee of the B—H curve. Slight flux linkage
deviation after the voltage restoration could easily cause a high inrush current. To take this issue into account, the feed forward
control design can be integrated into the flux linkage control loop to improve the performance of correction of flux linkage
deviation after the sag compensator is activated.

Thus, the impact of the magnetic saturation and the inrush current can be further reduced. Moreover, if the transformer flux
linkage can be controlled within the saturation threshold when the voltage compensation is in progress, the flux estimation and
the inrush mitigation does not need to consider the saturation characteristic of the magnetizing inductance (L, ).

I1l. LABORATORY TEST RESULTS

A prototype voltage sag compensator with the proposed in-rush current mitigation technique is implemented in the
laboratory. The one-line diagram is as given in Fig. 1. The system parameters of the test bench and the corresponding controller
are given as follows (see Table I):

1) source: 220 V, 60 Hz;

2) loads: a commercially available diode rectifier rated at 1600 V with load resistor R =93.3 Q, dc choke L = 2.0 mH, and dc

filter capacitor C = 3300 pF;

3) voltage sag compensator: a conventional three-phase inverter switching at 10 kHz, the leakage inductance of the coupling
transformer Ly = 0.32 mH, and filter capacitor C; = 4.0 pF;

4) Load transformer: 5.0 kVA, 220 V/127 V (Delta/Wye connection).

Fig. 10 shows the experimental results of the voltage sag compensator without the inrush current mitigation technique under
the type D of the phase-to-phase sag in IEEE P1668 standard. The controller detects the voltage sag in 2.0 ms after the fault
occurs and injects the required compensation voltage immediately to restore the load voltage, as shown in Fig. 10(b). The
transformer flux-linkage dc offsets caused by the voltage sag can be clearly observed in Fig. 10(c), which results in a significant
inrush current of peak value 20 A, as shown in Fig. 10(d). Fig. 10(e) shows the transformer flux linkage A% 4 under the syn-
chronous reference frame and the desired flux linkages A2 4 (=4° % — A°_ ¢ ) oscillates due to the voltage compensation, and it
eventually settles into the steady state due to the core losses of the transformer and the power consumption of the load.

The experimental waveforms of the sag compensator sys-tem with the inrush current mitigation technique enabled under the
same type D sag are given in Fig. 11. Fig.11 (a) and (b) shows that the proposed inrush current mitigation technique can achieve
fast voltage compensation without causing the flux-linkage dc offset during the transient as compared with Fig. 10(c) and (d).
Therefore, the inrush current can be completely avoided, as shown in Fig. 11(d). Furthermore, Fig. 11(a) also shows that the
proposed inrush current mitigation technique generates an extra voltage to correct the transient flux linkage when the
compensation is initiated, as compared to Fig. 10(b). The magnitude of the extra voltage is determined by the control gains in
the flux linkage control loop. Fig. 11(d) illustrates the tracking performance of the proposed inrush current mitigation technique.
The PI closed-loop control of the flux linkage results in a smooth transient.

The proposed method is also tested under the voltage sag scenarios of IEEE P1668, and results are given in Fig. 12. The
results show that the proposed methods successfully suppress the inrush current under these various scenarios, and the flux
linkage estimation of the proposed method is effective in all these situations.
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IV. DISTURBANCE REJECTION CAPABILITY

The disturbance rejection capability can be characterized by the transfer function between the compensator output voltage and
the load current. The proposed inrush current mitigation technique utilizes a flux linkage closed-loop control, and this feature
elevates even further the disturbance rejection characteristics of the sag compensator for the fundamental frequency of the load
current. The conventional voltage and current-feedback control result in the disturbance rejection characteristics given in (11)
and (12), which shows the disturbance rejection capability of the compensator with the voltage and current-feedback control
plus the proposed inrush current mitigation technique

'i-iq{s::l N L_foSu + KPinSE + I:KF.,_- + 1:]3 + Hie (11)
v (s} Lys®

i, (8)

vE (8]

_ LGyt K€y s+ (Ko 4 )87+ Kpp s+ Ky 5
- L‘FSE ’

Three assumptions are made to derive (11) and (12), namely 1) cross-coupling terms in the power circuit has been
completely decoupled by the controllers; 2) the flux linkage estimator is approximated as an integrator (1/s) during the steady-
state operation; and 3) the utility is represented by a stiff voltage source.

Fig. 13 illustrates the Bode diagrams of both transfer functions. To compare the performance of these two systems, the control
gain K, , of the proposed inrush current mitigation and the control gain K, of the conventional voltage and current-feedback
control are set at the same value. The proposed inrush current mitigation technique can effectively raise the disturbance
rejection at the fundamental frequency, which corresponds to zero frequency of the Bode diagram under the synchronous
reference frame. This feature can be summarized in Table I, as higher K, ; gain forces lower load voltage errors under loaded
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Fig. 12. Load current without and with the inrush current mitigation technique for the sag scenarios of IEEE P1668. (a) Type A
sag, without mitigation technique. (b) Type A sag, with mitigation technique. (c) Type B sag, without mitigation technique. (d)
Type B sag, with mitigation technique. (e) Type C sag, without mitigation technique. (f) Type C sag, with mitigation technique.
(9) Three-phase sags, without mitigation technique. (h) Three-phase sags, with mitigation technique.
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Fig. 13. Comparison between conventional voltage—current state-feedback controller and the proposed inrush current mitigation
technique integrated with state-feedback controller in disturbance rejection capability.
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TABLE 11
RELATIONSHIP BETWEEN THE CONTROL GAINS AND THE LOAD VOLTAGE ERRORS
Ky gain Error of fundamental component of the load voliage
Without inrush current mitigation technique 2.53%
Kp=100 1.18%
Kp=300 0.91%
Ku=1000 0.88%

V. LOAD TRANSFORMER AND COUPLING TRANSFORMER INRUSH MITIGATIONS

One of the advantages of the series-connected sag compensator is that it can restore the load voltage with a converter rated at
fractions of the load. A similarly rated coupling transformer is thus adopted for the series connection. As the sag occurs and the
compensator engages, both the coupling transformer and the load transformer could face the risk of inrush current. The coupling
transformer may have higher potential of magnetic saturation due to its smaller cores. An inrush reduction method for the
coupling transformer, proposed by the Cheng et al. [24], is illustrated in Fig. 14. As the flux linkage of the coupling transformer
reaches a preset level of flux linkage A, , the inverter reduces the compensation voltage command v,,** to zero, thus the flux
linkage will remain at the present level without the risk of magnetic saturation. The value of /, is determined by the saturation
knee of the coupling transformer, which can be easily identified.

Fig. 15 shows the integration of the inrush current mitigation controls for both the coupling transformer and the load trans-
former. The complete voltage command, which combines the
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Fig. 14. Simple illustration of the coupling transformer inrush current mitigation proposed in [24].

output of the load transformer flux linkage control (v,°+ ), and the voltage and current control (v, *) is fed into the coupling
transformer inrush mitigation control, and its waveform will be modified based on the estimated flux linkage of the coupling
transformer, as illustrated in Fig. 14.
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Fig. 15. Integration of the inrush current mitigation of the coupling trans-former and the load transformer.

The load transformer can be successfully avoided as the flux linkage deviation is neutralized once the sag compensator en-gages.
The proposed method utilizes the existing voltage and current sensor signals, and thus, it can be easily integrated with the voltage
and current control of the sag compensator. Such integration also improves the load disturbance rejection characteristics of the
system and stiffens the load voltages against loading variation. The disturbance rejection characteristics of the proposed method
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are also examined in the frequency do-main for better understanding of the control gains selection and its effect. The effectiveness
of the proposed flux linkage compensation method is validated by laboratory test results under various sag scenario of IEEE
P1668 standard. The proposed method can also be combined with the inrush reduction method of the coupling transformer
presented by the Cheng et al. [24], and the test results show that these two methods take effect at different stages of the voltage
injection without interfering each other. The integration of these two methods ensures a fast and accurate voltage sag
compensation with minimum risk of inrush current.
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Fig. 16. Coupling transformer flux linkage and compensation voltage (4 ca ., Vm™ ¢ ). Load voltage and load transformer flux
Iinkage (VLab ) /lLab )

Fig. 16 shows the experimental results of the sag compensator system with both the load transformer inrush mitigation and the
coupling transformer inrush mitigation. As the sag compensator starts, the compensation voltage immediately corrects the flux
linkage deviation to avoid magnetic saturation of the load trans-former. The compensation voltage command vy,* is reduced to
zero when the coupling transformer flux linkage reaches the preset limit of 1.05 p.u. to maintain the flux below its saturation knee.
Although the flux linkage of the load transformer is af-fected, its closed-loop control will subsequently correct it. These two
inrush mitigation methods take effect at different stages of the compensation voltage injection, thus the conflict between the two
can be reduced, and both the coupling transformer and the load transformer are relived of the risk of inrush current.

VI. CONCLUSION

An inrush current alleviation system focused around the flux-linkage close-circle control has been proposed for the droop
compensator framework in this paper. This synchronous reference-casing based strategy can decisively gauge the flux linkage
deviation presented by the disfigured droop voltages inside the heap transformer, and compute the obliged voltage for redressing
such deviation progressively. Consequently, the danger of inrush present of the heap transformer can be effectively kept away
from as the flux linkage deviation is killed once the hang compensator captivates.

The proposed technique uses the current voltage and current sensor signs, and in this way, it can be effortlessly incorporated with
the voltage and current control of the list compensator. Such combination likewise enhances the heap unsettling influence
dismissal qualities of the framework and solidifies the heap voltages against stacking variety. The unsettling influence dismissal
attributes of the proposed technique are additionally inspected in the recurrence space for better understanding of the control picks
up choice and its impact. The viability of the proposed flux linkage recompense technique is approved by research facility test
results under different hang situation of IEEE P1668 standard. The proposed system can likewise be joined with the inrush
lessening strategy for the coupling transformer exhibited by the Cheng et al. [24], and the test outcomes demonstrate that these
two techniques produce results at diverse phases of the voltage infusion without meddling one another. The combination of these
two strategies guarantees quick and exact voltage droop remuneration with least danger of inrush current.
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