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Abstract: In response to the high performance requirements of pulse width modulation (PWM)
converters in grid-connected power systems, H-Infinity (Hoo) control has attracted significant research
interest due to its robustness against parameter variations and external disturbances. In this work, an
advanced robust Hoo control is proposed for a grid-connected three-phase PWM rectifier. A two-level
control strategy is adopted, where cascaded Heo controllers are designed to simultaneously regulate
the DC bus voltage and input currents even under load disturbances and non-ideal grid conditions. As
a result, unit power factor, stable DC bus voltage, and sinusoidal input currents with lower harmonics
can be accurately achieved. The design methodology and stability of the proposed controller are
verified through a comprehensive analysis. Simulation tests and experimental implementation
on a dSPACE 1103 board demonstrate that the proposed control scheme can effectively enhance
disturbance rejection performance under various operating conditions.

Keywords: disturbance rejection; H-infinity control; robust control; three-phase pulse width modula-
tion (PWM) rectifier; unbalanced grid voltage

1. Introduction

In recent decades, three-phase pulse width modulation (PWM) voltage source convert-
ers (VSCs) have received a lot of attention in electrical power conversion systems due to
their high reliability and security [1-4]. The VSCs can operate either as a rectifier or inverter.
Grid-connected three-phase PWM rectifiers are an ideal choice among different power
quality improved rectifiers. The attractive features of these rectifiers are better control of dc
voltage, nearly unity power factor operation and less harmonic content in grid current [5].
They are used in various industrial power applications, including, uninterruptable power
supplies (UPSs), variable speed wind generators, high-voltage direct-current (HVDC) trans-
mission systems, electric vehicle charging systems, rail traction supply systems, energy
storage systems, grid power factor correction, active filters and other fields [6-11].

Commonly, grid-connected three-phase PWM rectifiers facilitate multiple control
loops to achieve different control objectives. A phase-locked loop (PLL) is used for grid
synchronization; a current control loop is used for current control and fast current limitation;
an active power control loop is used for active power tracking; and a voltage control loop
is used to regulate the dc bus voltage [12]. The most commonly used control topologies
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are the direct power control (DPC) [13-18] and voltage-oriented control (VOC) [19-23].
These methods use the concept of decoupled active and reactive power control, which is
realized in the synchronous reference frame (SRF). The DPC technique is based on p-q
theory [24] where instantaneous power errors of active and reactive power components
are kept within a fixed hysteresis band to provide reference values of powers. However,
the behavior of hysteresis regulators causes a variable frequency switching pattern of
the semiconductor devices used in the converter [25]. In the VOC method, the ac side
currents are transformed into active and reactive components and compared with reference
currents in order to eliminate the error between the reference and measured values of the
active and reactive powers. The proportional integral (PI) controllers are used to track the
reference. Fine-tuning of PI controllers is necessary to get a satisfactory steady and dynamic
response. Moreover, in order to address the non-linear nature of PWM rectifiers, various
studies [26-29] propose a dual closed-loop control strategy with an outer-loop controlling
square of DC voltage and inner-loop controlling AC current.

Usually, the mentioned methods are designed assuming ideal conditions, while recent
studies have focused on improving their performance under unbalanced grid conditions,
load disturbances and parametric uncertainties. In this regard, numerous scholars have pro-
posed various control strategies, including adaptive controllers [30], fuzzy controllers [31],
fractional-order controllers [5,32], sliding mode control [26,33], predictive control [2,34],
adaptive neural network (ANN) structure control [2], and H-Infinity (Hoo) control [35-40].

One convenient approach to achieve optimal performance under load disturbances and
parametric uncertainties is to use Heo robust controllers. In [35], an optimal voltage control
problem was addressed for islanded power converters using Hoo synthesis. Similarly,
in [36], Hoo synthesis was employed to enhance the robustness of the converter’s output
current controller against varying grid impedance. Additionally, for harmonic suppression,
Hoeo control was explored in [37] to design output voltage controllers capable of rejecting
harmonic disturbances from nonlinear loads or the public grid. In microgrid applications,
both Hoo and gain scheduled Hoo controllers were utilized for robust control, as discussed
in [38,39]. Recently, in [40], Heo loop shaping is proposed to provide good stabilization and
reference tracking for single-phase PWM rectifiers in the presence of current sensor gain
faults. Although the cited strategies provide satisfactory results, some of them involve the
development of multiple-input multiple-output (MIMO) Heo controllers, which inherently
introduce increased complexity in controller design and implementation [37,41]. On the
other hand, the majority of proposed Hoo control strategies are applied for the inner
loop of PWM rectifiers, where the outer loop is generally controlled using proportional
integral (PI) controllers [40,42,43]. However, these controllers are less robust as they may
struggle to maintain stability and performance in the presence of significant disturbances
or uncertainties in the system.

To address the previously cited issues, a robust Heo-based control scheme is proposed
to enhance power quality in grid-connected three-phase PWM VSCs, under unbalanced
grid voltage and constrained load conditions. A two-level control approach using cascaded
Heo controllers is introduced to simultaneously regulate DC bus voltage and input currents.
This method is based on a linearized model of the converter, which is decomposed into
two single-input single-output (SISO) systems. This decomposition results in a simpler
controller structure with reduced order and ease of implementation compared to MIMO-
based controllers. Additionally, introducing an Heo controller for DC bus voltage regulation
enhances convergence speed and reduces overshoots of the outer loop during disturbances.
Experimental tests are presented to assess the performance and robustness of the proposed
controller under various conditions, including unbalanced grid voltage and load variations.

The remainder of this paper is organized as follows: In Section 2, the dynamic model
of the system including the grid utility, a three-phase PWM rectifier and a variable DC
load is presented. Section 3 provides a general overview of the Hoo control basic principle.
Section 4 details the design of the proposed cascaded Heo-based control and analyzes
the controller’s dynamic performance through experimental tests. Experimental results
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that demonstrate the effectiveness of the control scheme under various test conditions are
presented in Section 5. Section 6 concludes this article.

2. System Description and Modeling

The configuration of the studied system is shown in Figure 1. A three-phase PWM
rectifier is connected to the grid through a passive L filter, while a DC load R is connected
across the DC-link capacitor C.

ea L R in
eb LR i
> C—— R
ec L R ic
IK %Jlf % Jlf i
Grid Laod

PWM rectifier

Figure 1. Grid-connected rectifier scheme.

The dynamical model of the PWM rectifier can be expressed in the abc reference frame
as follows:

d l:a R 1:11 1 Uq €a
| =W + i vy | — | e 1)
ic ic Uc €c
d . . . Vie
C—Vy. = Syig + Spip + Scic — — 2
dt dc ala bt cle RL ( )

where ¢;, e, and e. represent the grid voltages, i;, i, and i. are the AC-line currents, and v,
v, and v, are the rectifier input voltages. S;, S, and S¢ denote the switching states of three
insulated-gate bipolar transistors (IGBTs) in the upper bridge legs. L and R are, respectively,
the inductance and resistance of the AC filter.

In this study, the VOC is employed to regulate the AC-line currents. Consequently, the
control is executed in the dq reference frame. The PWM rectifier model in the dg reference
frame is expressed as follows:

i Id . —R/L —w Id +1 Vd _1 Ed (3)
dt|l;) | w —R/LJ|L;] L|V;] L|E
d 3, .. , 1%
CViae = 5 (Saia + Sqig) — szLC 4)

where E4, E;, I; and I; are, respectively, the d- and g-axis components of the grid voltages
and AC-line currents; V; and V; are the d- and g-axis components of the rectifier input
voltages. S; and S; denote the switching states d- and g-axis components of the IGBTs in
the upper bridge legs.

The AC side rectifier active power Pg is given by:

P; = EdId + quq. (5)

By setting the grid voltage E; component to zero through a phase-locked loop (PLL) [44],
a simplified expression for P can be derived as follows:

Pg = Egl,. (6)
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On the rectifier’s DC side, the modeling of the DC-link voltage dynamics involves
considering a pure capacitor. As a result, the power P, obtained from stored electrical
energy can be expressed as follows:

d (1
Pie = = <2cvjc> =P;—P; 7)

where P; = Vfc/ Ry is the power at the DC side of the rectifier (load).
From (7), it can be deduced:

_ 1.d 2 dec
PG— E anc"_RiL (8)

The following equation can be derived from (6) and (8):

1.d_, V?

To facilitate the controller design, the aforementioned expression is reformulated by

considering a fictitious variable where lN/dC = V2. Accordingly, the nonlinear DC voltage
dynamics can be assimilated to an equivalent linear system, on which traditional linear
controller design methods can be applied. Equation (9) becomes:

d Vie

1 ~

3. Hoo Control Principle

Figure 2 illustrates the standard control configuration wherein the nominal plant and
the weighting functions are integrated to establish a closed-loop system. This leads to an
augmented plant P(s) with an exogenous input w that encompasses disturbance d, reference
r, and noise signals n [42,45].

P(s)

| Wi(s) |——> Z1
| Wa(s) |——> 2|2
d ' ! > 2

L

Figure 2. Weighted H-infinity control feedback structure.

Significant advancements have been achieved in Hoo control synthesis since the pio-
neering works of G. Zames [45]. Hoo control requires designing an optimal controller K(s)
for a nominal plant, ensuring that the Hoo norm of the transfer function from the input w to
the controlled output remains a bounded gain. This guarantees stability of the closed-loop
system. The input information for the controller is incorporated into the augmented plant
P(s), as described in (11). This plant summarizes the dynamics of the open-loop system,
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the structure of the controller, and the control objectives and constraints. P(s) is defined

as follows: Paw(s)  Pau(s)
zw S zulS
Pls) = [va(s) PW(S)]. "

The generalized plant composed by different transfer functions from (w, u) to (z,y) is
described as follows:

[0 )= Rell .

where y(s) represents the measured output signals, and z(s) the controlled outputs.
The relation between w and z can be expressed as follows [42,43]:

Z(s) = F(P(s),K(s)) W(s )
= [Pea(5) + Peul5)K(s) (I = Pou(5)K(5)) ™ Puwo(s) | W ()

where F(P(s), K(s)) is a linear fractional transformation, and I is the identity matrix.

3.1. Control Problem Formulation

The Heo control problem for the linear time-invariant system G(s) with state space
realization involves finding a specific matrix K (representing a static output feedback law,
i.e., u = Ky) such that the Hoo norm of F(P(s), K(s)) is constrained by a constant 'y, which
represents the desired performance level of the closed-loop system. This problem can be
solved using either Ricatti equations or Linear Matrix Inequalities [46,47].

IE(P(s), K(s)) W(s)[leo < 7- (14)

Ultimately, the aim of the Hoo control approach is to create a closed-loop system
possessing strong robustness properties. At the core of this widely embraced concept lies
the well know Small Gain Theorem, which stipulates that a stability sufficient condition for
the closed-loop system is:

|Tzw||, < 1. (15)

3.2. Mixed Sensitivity Formulation

As previously mentioned, in Hoo control theory, the controller is synthesized by
optimizing the Hoo norm of the cost function (Tzw). In the case of mixed sensitivity
formulation, a transfer function from the exogenous input w to the performance output
is filtered using weighting functions W; (W, Wy, W3). Then, the normalized augmented
plant P is built from the nominal model G and weighting matrices W; as follows [41].

71 W1 —W1G
Z2 o 0 Wz w
e I -G

Based on Equation (16), the state space realization for P(s) can be expressed as:

W, —W,G
A B B 0w

P(s) = |C1 D1 Dpp| = 0 WG (17)
C2 Dy Dx I -G

Let us assume that P(s) satisfies the following assumptions:
1. (A, Bp) is stabilizable and (Cy, A) is detectable;
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2. Dn= [o 0 0 1] i Do = {o 00 0} and Dy = {o o]‘
3. [A —jwb By ] has a full column rank for w;
C1 Dy,
4. [A —jwh - By ] has a full row rank for w.
G Dy
A mixed sensitivity problem can be derived as follows:
WS
P(s) = | WoKS (18)
WsT

where S = (I + GK)~! is the sensitivity function, and T = GK (I + GK)~! is the complementary
sensitivity function.

In the case of a mixed sensitivity problem, the objective is to find a rational func-
tion controller K(s) that stabilizes the closed-loop system while satisfying the following
expression:

Wi S
min||P|| = min | WoKS | = 1. (19)
WsT

The constant 7 is defined as the minimum value to maintain system stability. The
above-mentioned weighting functions are chosen to limit the sensitivity matrix, the con-
trol energy matrix, and the complementary sensitivity matrix of the controlled system.
Applying the minimum gain theorem makes the He, norm of P(s) less than unity:

W;S
WoKS|| < 1. (20)
W, T

[e9)

The Ho norm of P(s) is also the He, norm of the cost function (Tzw):

Wi S
|Tzw||, = |[W2KS|| < 1. (21)
W5T ||,
In this case, if | Tzw||,, < 1, then the desired robust performance specifications are
satisfied. In Hoo control design, the objective is to identify a stabilizing controller K(s)
that minimizes the Hoo norm of Tzw while simultaneously optimizing the performance
specifications. Therefore, the Hoo control problem can be described as follows [41]:

IF(P) K(s), WIS)], < 7 o)
min K stabilising P||F(P(s), K(s)), W(s)||, = min K stabilising P||Tzw|| .

According to (22), the controller function K(s) can be obtained using v iteration, which
involves an internal optimization process to minimize ||Tzw|| .

4. Proposed Hoo Cascaded Control Loops Design

The configuration of the proposed Heo control structure is illustrated in Figure 3. A
dual-loop control scheme using Hoo control is proposed to achieve robust control perfor-
mance. It consists of a cascaded control scheme including two control loops: an inner loop
and an outer loop. The inner controller Kc(s) ensures the regulation of the input currents’
dgq components. The outer controller Kv(s) ensures the control of the DC link voltage.
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Figure 3. Proposed cascaded Hoo control structure.

As mentioned above, the inner control loop regulates the AC-line current based on the
VOC strategy. Furthermore, decoupling terms are included to separate the control of the
g-axis and d-axis current components. The outer control loop regulates the DC-link voltage
and calculates the g-axis current reference I, r. In this regard, to obtain decoupled variables,
the following representation is adopted, where the nominal control model includes the
transfer matrices of the variables to be controlled, namely Gg,0 (s) and G;dmom (s). After

decoupling, the system can be expressed as follows:

—1/R
Guagnon(®) 0 | _ [z 0| (23)
0 GVdc,nom(s) 0 1+(RL%/2)S

4.1. State Space Realization Models of Control Loops

The state space control loops models are used to obtain a state model of the PWM
rectifier. where x (x = x¢; x = xp), € R" is the state vector; w € R™ is the exogenous
input vector; u € R™2 is the control input vector; Z & IRF! is the error vector and y € R”2,
is the measurement vector, with p; > mp and p, < mj. The realization system for the
inner loop can be constructed by the transfer from [7] to [;] as follows:

X Al B | B, || x
- [ St Y R | I
z|=|C | Dy | D, ||w (24)
z Bt et Rt = | i
y G, | D, | D,, || u

where

T
[X:Z:y]rz[ld Iq :Ed E,, Idref 1 IVJ Vq:lr

qref |

x:y:[ld IqJT;W:[Ed e, 1, . Iq,rt.’/']T;u:[Vd V:i]

T
7
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and x = [Id LJ ; Z=1[Z1 Zpy Z3] suchasZy=[e; ¢ .
Based on Equation (24), the state space model can be written as follows:
[-R/IL @ 1YL 0 0 0,-1/L 0
| |
- -R/L1 0 1L 0 0! 0 -1/L
. S0 70 o 10l 0o
A4, B | B, ! !
e et S 0 -1 10 0 0150 0 (25)
G DD, |= I I
T D 0 0 10 0 0011 0
diTEA T 0 0 10 0 00i0 1
1 0 ;0 0 00O0; 0 0
| |
| 0 1 0 0 00 O 0 |

In the same way, the state model for the outer loop is constructed from the nominal
plant given previously with different selected weighting functions Wi(s).

4.2. Weight Functions Selection for Hoo Controllers

The weighting functions Wy, W, and W3 are designed to force the closed-loop response
to meet system specifications. W is used for error tracking performance. W; must be
large inside the control bandwidth to obtain small sensitivity S. Wy is chosen to be a low
pass filter in order to reject the external disturbance. W, is chosen to ensure the robust
performance of the outputs even under disturbed conditions. To limit control effort in a
particular frequency band, increase the magnitude of W, in this frequency band to obtain
small KS requires a small open-loop gain normally in a high frequency range. For noise
attenuation, W3 is chosen outside the control bandwidth to obtain small complementary
sensitivity T. W3 is chosen as a constant and as small as possible, to make sure the matrix
D1y in generalized plant is full rank, required by the Hoo control.

In this work, the controllers with different weighting functions Wy, W, and W3 were
designed using the MATLAB robust control Toolbox. The respective weighting functions
are given in Table 1. The resulting ||Tzw|| = v demonstrates the satisfaction of the criterion
of a minimum Heo norm bound.

Table 1. Weight functions selection and vy criterion value.

Loop Weight Functions Wi(s) | Tzw||
__ _560s+8.57
Wi(s) = giss00i07T
Inner loop Wa(s) = % v =0.707038
W3(S) = 0.001
__ 807.5s+1820
Wi(s) = ‘565016
Outer loop Wa(s) = Os'isﬁ)%%o v =0.858063
W3(S) =0.0

The weights assigned by the algorithm for the two controllers are shown in Figures 4 and 5.
From Table 1, the two the controllers can be reduced after cancelling poles and zeros, and
for the best result, the function ‘balreal’ in MATLAB can be used. Finally, reduced-order
controllers can be obtained as follows:

0.19856(s+0.03)
{ Ke®) = e 26)
. S .
Ky(s) = 5T9751
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Figure 4. Graphical performances of closed inner loop and weighting functions.
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Figure 5. Graphical performances of closed outer loop responses and weighting functions.

For digital implementation purposes, the reduced-order controllers from (26) are
discretized using the c2d command in MATLAB. The discretization method used is Tustin
with a sampling time of 100 ps.

4.3. Stability and Robustness Performance Analysis

The fundamental requirements of the robust behavior of a closed loop is to ensure two
conditions, ||W1(s)S(s)|| < 7 for nominal stability performance and ||W2(s)KS(s) ||, < ¥
for robust stability. These two conditions can be verified by computing || Tzw||,, of the
closed-loop system and comparing it with performance criterion vy (see Table 1).

To investigate these conditions, the singular value plots of the sensitivity functions
and complementary sensitivity functions KS of the closed-loop system are presented in
Figures 4 and 5, for the inner and outer loops, respectively. Figures 4 and 5 demonstrate
that both conditions are satisfied, as the frequency response of each function S and KS is
constrained by the corresponding weights. This observation holds true for SG and KSG as
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well. Thus, the criterion in Equation (21) is fully satisfied for both the inner and outer loops.
Consequently, the proposed control scheme achieves the desired control performance.

5. Experimental Results

To evaluate the performances of the designed cascaded Heo controller, an experimental
setup has been prepared, as shown in Figure 6. The proposed strategy, illustrated in Figure 3,
is implemented on a dSPACE control prototyping system. The grid-side stage consists of a
three-phase generator controlled to provide a three-phase AC supply of (80 V, 50 Hz). The
grid-side generator is connected to a three-phase SEMIKRON converter that supplies a DC
resistive load. The experimental system parameters are given in Table 2. Three tests are
realized to evaluate the proposed control in terms of reference tracking and disturbances
rejection performances under load transient and unbalanced grid voltage.

Figure 6. Experimental test setup.

Table 2. System parameters.

Parameters Description Value
Grid frequency 50 Hz
Grid rms voltage 80V
Filter resistance R 010
Filter inductance L 10 mH
DC-link capacitor C 1100 uF
Sampling time T; 100 pus
Switching frequency f 5kHz

5.1. Tracking Performance

In this test, the tracking performances of the outer voltage loop are evaluated under
DC voltage reference step change. The DC voltage reference is changed from 300 V to
400 V. The DC voltage response, shown in Figure 7a, illustrates that the proposed control
strategy allows for accurate DC voltage tracking performances. Figure 7b presents the abc
line current’s component’s evolution. The experimental waveforms of grid voltage and
the line current of phase “a” denoted (¢;, i;) are given in Figure 7c, which are in a phase
providing a unity power factor even during transient conditions. The direct and quadrature
current components I; and I; in Figure 7d show that the proposed control provides a good
axis decoupling.
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Figure 7. Experimental results under DC-link reference step change from 300 to 400 V: (a) DC-link
voltages V. and V. rf; (b) three-phase grid currents iy, ; (¢) grid current i, and grid voltage e; and
(d) dg-axis current components and their references.
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5.2. Performances under Transient Loading Conditions

In this test, the proposed control method is evaluated under load step changes. Load
step changes from 250 () to 110 () and then from 110 ) to 250 Q) are considered. The
obtained results are illustrated in Figure 8. Figure 8a highlights when the load changes
from 250 () to 110 Q) that the DC voltage drop is very low. The DC voltage drop is below
5% from a reference value of 300 V. Figure 8c,f show the corresponding grid voltage and
current of phase a. This result confirms that the unity power factor is maintained. It can
be seen that balanced input currents with low THD are obtained. The DC bus voltage is
regulated with suitable load disturbances rejection performances, as shown in Figure 8a,d.

400 o 400
E Vdc Vdc ref ~ Vdc Vdc ref
>3 3
3 300 — 3 300
2 3
> @] » (d)
200 200
2 150 % LSl S & iy x 15
o7 |
= 0 E« 25t
e s (b) : ©)
§ = -125 €
© 150 o
— 20 ia ib ic 20 ia ib ic
< <
o ©] = (H
-20 . -20
0.05 0.1 0.15 0.85 0.9 0.95 1
Time (s) Time (s)

Figure 8. Experimental results under DC load disturbances: (a,d) DC-link voltage V. and reference
Ve ref waveforms; (b,e) grid current i, and grid voltage e, and (c,f) three-phase grid currents i,.

5.3. Performance under Unbalanced Grid Voltage

To investigate the proposed control performances under unbalanced conditions, a
test under grid voltage unbalance is performed. The grid voltage unbalance is achieved
by adding a resistor of 7.2 () in series with the passive L filter of phase “a”. This causes a
voltage sag of 10% on phase a. The resulting unbalanced grid line currents are illustrated
in Figure 9. Figure 9a illustrates that the proposed control strategy allows us to maintain
a well-controlled DC bus voltage with good disturbances rejection when the unbalance
occurs. Furthermore, Figure 9b shows the grid-phase current i; and voltage e;, which are
synchronized to maintain the unity power factor. In Figure 9¢, the three-phase grid currents
waveforms have been illustrated when the imbalanced condition occurs.
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Figure 9. Experimental results under unbalanced grid voltage: (a) DC-link voltage V;, and its
reference V. ref; (b) grid current i; and grid voltage ¢; and (c) three-phase grid currents iz,

5.4. Control Performance Comparison

In this experiment, the proposed Hoo control strategy is compared with the conven-
tional PI controller under load disturbances. The results in Figure 10 indicate that the
Hoo control strategy surpasses the conventional PI controller. Specifically, the Hoo control
strategy shows significantly enhanced dynamic performance, with an improvement of
50%, along with notable reductions in overshoots, also by around 50%. These results

highlight the superior abilities of the Hoo control strategy to achieve disturbance rejection
and maintain system stability.

400 400
Pl control
E Vdc ref \ ,>\: /
3 3
>~§ N P| control 3 v / Hoo control
Heo control (@) > de ref ®)
200 200
0.05 0.1 0.15 02 085 09 095 1 1.05 1.1
Time (s) Time (s)

Figure 10. Experimental results of DC-link voltage under load disturbances comparison between

conventional PI control and proposed Heo control: (a) load step change from 250 (3 to 110 (2 and
(b) load step change from 110 ) to 250 Q).

6. Conclusions

This article presents a robust Heo control strategy for grid-connected PWM rectifiers,
focusing on disturbance rejection and power quality enhancement. A linearized model
of the converter was decomposed into two SISO systems, allowing for a simple controller
structure with reduced order and ease of implementation. The resulting two-level control
strategy employs cascaded Heo controllers, ensuring stable DC bus voltage and sinu-
soidal input currents under various conditions. Extensive experimental tests validated
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the controller’s effectiveness, ensuring accurate tracking and disturbance rejection even
under unbalanced grid voltage and load disturbances. Furthermore, the proposed strategy
demonstrated its superiority when compared to the PI control method through its ability to
minimize overshoots and achieve faster response time.

Although the proposed Heo control strategy demonstrates robust performance under
unbalanced grid conditions, current distortions are still observed. To further enhance
the system’s performance and maintain sinusoidal currents, future improvements could
involve implementing Hoo control algorithms that separately regulate the positive and
negative sequence components of the current. Furthermore, utilizing sequence component
compensation techniques to actively cancel out the negative sequence components of the
current could be beneficial. These approaches could help achieve a more balanced current
waveform and reduce harmonic distortion caused by unbalanced grid conditions.
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