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Direct Digital Control of Single-Phase
Grid-Connected Inverters With LCL Filter
Based on Inductance Estimation Model

Tsai-Fu Wu Y, Senior Member, IEEE, Mitradatta Misra

Abstract—Soft magnetic powder cores with their high saturation
flux density and low core loss are excellent alternatives for filter
inductors in inverter-based applications. However, their nonlinear
current-dependent inductance characteristics pose a challenge for
control of grid-connected inverter with LCL filter. In this paper, the
variable inductance conundrum is discussed and a modified direct
digital control method based on a variable-structure inductance
estimation model that takes into consideration wide nonlinear vari-
ation in both inverter- and grid-side inductances is proposed. The
proposed method is shown to have better grid-voltage harmonic
rejection and improved stability margins. However, investigation
of stability which is conventionally based on nominal values of filter
inductors cannot predict instabilities over the entire range of in-
ductance variation. Hence, a parametric approach to conventional
stability methods with a parameter space defined by variation in
actual and estimated inductance is explored in this paper. The effect
of line impedance on stability is also investigated with impedance-
based stability criterion by considering line inductance as an ad-
ditional dimension in the parameter space. A pattern in stability
margins is observed due to inductance variation, with inductance
at its minimum being most vulnerable to instability. Experimental
results measured from a 5 KW single-phase grid-connected inverter
with various LCL filters have verified the feasibility of the proposed
control method. The experimental results also match the analytical
results with reasonable accuracy.

Index Terms—Damping, direct digital control, harmonics,
inductance variation, inverter, LCL filter, line impedance, magnetic
permeability, resonant frequency, stability.

1. INTRODUCTION

NTERFACING low-pass filters is essential to grid-connected
I inverters for delivering power with quality in accordance to
regulatory standards [1], [2]. A natural progression from simple
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L-filter to high-order LCL filter is observed in the literature due
to its better ripple-attenuation characteristics [3]. However, the
issue of resonance associated with LCL filters has always been
a cause of concern, for which several methods have been pro-
posed, in terms of both design [3]-[8] and control [9]-[15]. The
complexity extends further with soft magnetic materials for filter
inductor cores [16]. Although soft magnetic material cores offer
several advantages over ferrite cores, the resulting nonlinear and
time-varying inductance characteristics affect LCL filter design,
control, and stability. A simple filter design method that takes
this factor into consideration has been presented in [17] and a
direct digital control method based on anhysteretic filter induc-
tance model has been shown to reduce the control complexity to
a certain extent [18]. A direct digital control law that takes into
account wide variation in both inverter-side and grid-side induc-
tance has been shown to improve harmonic rejection and LCL
resonance damping in [19]. The control approach is basically
based on the assumption that estimated inductance matches with
actual inductance in each switching cycle. However, this may not
be necessarily true for soft magnetic material-based inductors,
especially during large-signal transients. Hence, the necessary
modification to the inductance estimation model to deal with
this discrepancy, introduced in [19], is elaborated further and
experimentally verified in this paper.

Additionally, the effect of nonlinear current-dependent nature
of filter inductance on stability of grid-connected inverters with
LCL filters has never been studied before. Stability analysis of
grid-connected inverters with LCL filters has been extensively
done [20]-[25], but the filter inductance has always been con-
sidered to be at its nominal value. Hence, the objective of this
paper is to extend the work presented in [19] with an increased
focus on stability analysis.

Stability analysis of nonlinear systems is generally mathe-
matical involved with lack of simple graphical tools [26]. Thus,
researchers have often tried to simplify the approach so as to
make conventional stability analysis methods applicable [27]-
[29]. In this paper, the voltage across an inductor with core
having nonlinear permeability characteristics is first derived us-
ing fundamentals of physics [30], [31]. It is verified that at any
operating point, the voltage across an inductor depends only
on the instantaneous permeability (i.e., inductance), confirm-
ing the applicability of conventional stability analysis methods.
The parametric approach to stability [32] is then explored to
deal with different plant and controller parameters at different
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Fig. 1.  Single-phase bidirectional inverter with an LCL filter.

operating points. A parameter space defined by maximum allow-
able drop in inductance and expected variation in inductance es-
timation is used to observe the stability margins for controller’s
current tracking capability using conventional bode plots. How-
ever, the controller is also affected by variations in terminal
voltage because of control-output impedance interaction with
line impedance. Hence, the line impedance is added as an addi-
tional dimension to the parameter space and impedance-based
stability analysis method [33] is applied to observe the effect
of line impedance under filter inductance variation. Analytical
results have shown to be in good agreement with experimental
results, confirming the applicability of parametric approach to
conventional stability analysis methods under filter inductance
variation.

This paper is organized as follows: The variable inductance
conundrum is discussed in Section II. The basic direct digital
control law and the necessary modifications for LCL filter are
presented in Section III. The modified inductance estimation
model to deal with large signal stability is elaborated in Sec-
tion IV. A comprehensive treatment to stability analysis is done
in Section V. Finally, experimental validation of the controller
from a 5 kW single-phase grid-connected inverter, as shown in
Fig. 1, is presented in Section VI.

II. VARIABLE INDUCTANCE CONUNDRUM

When filter inductance shows a wide variation with current at
line frequency fy due to core’s nonlinear permeability charac-
teristics, the natural question that arises is: “Should the inductor
be treated as operating with 0 dc-bias and ac at line frequency
fo and switching frequency f; or, each point along the steady-
state trajectory of current at f; should be treated as dc-bias
with current at f; superimposed on the dc-bias?” An intuitive
answer lies in the understanding of basic operation of switch-
mode power supplies (SMPS). The inductor current in inverters
could be seen as, not exactly an ac at fj, rather as a series of
magnetizing and demagnetizing currents at f;. Since fs > fo,
the voltage across the filter inductor can be treated to be rel-
atively constant in each switching cycle. Thus, the inductor in
each switching cycle could be seen to be operating with the
following characteristics.

1) A dc-bias, which is actually the instantaneous ac at fj.

2) An ac at f; superimposed on the dc-bias, corresponds to

the magnetizing and demagnetizing currents at f; due to
the switching nature of SMPSs.
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3) A small change in the dc-bias because of unequal mag-
netizing and demagnetizing currents at f;, which is the
basic control nature of inverters.

Now, this necessitates a reconsideration of the expression for
voltage across an inductor, which otherwise is derived with as-
sumption of constant permeability. The following derivation is
based on fundamental laws of physics found in classical text-
books [30] and reiterated for the sake of completeness. The
voltage vy, across an inductor L, based on Faraday’s law of
electromagnetic induction is given by the following:

0,
dt

where the subscript © € {4, g} refers to inverter- or grid-side,
respectively, N is the number of turns of inductor coil, and (),
is the associated magnetic flux given by the following:

0, =B, A 2

ULz = N

)]

where B, is the magnetic flux density that is assumed to be
constant over the area A under consideration and expressed as
follows:

where o is the magnetic permeability of the inductor core,
which is a nonlinear function of current ¢, through the inductor
[31] and H, is the magnetic field strength given by Ampere’s
circuital law

Ni,

A “)
with the assumption of constant H, along the length [ of the
inductor coil. Thus, from (1)-(4), the expression for vy, is
derived to be as follows:

HL‘:

N2A du(iy) i,

When we choose an operating point along the steady-state
trajectory of current 7., (5) could be expressed as follows:

= TAL L (D) (L+D)) ©

where I, is the dc-bias and i, _is the small-signal perturbation
around I,. Assuming p (I, 4 t2) = pac (Iz) + pac (42 ), Where
ac (I ) refers to a constant dc-permeability and i, (Z/;) to a
variable ac-permeability [31], (6) can be further expanded as

follows:

Vpx =

di,
c Iax: ETE IL
pae (L) —o+

N?A
ULz = I

d’dfﬁjtu (2)%

)

The value for f1q.(1;) in the first term of (7) can be derived
from permeability versus dc-bias curves in core-manufacturer’s
datasheets [34], [35], as shown in Fig. 2(a), while the second
term in (7) can be considered negligible because the slope of
permeability versus ac curves for small values of ac is usually
close to 0, [35], as shown in Fig. 2(b). And finally, the third term
in (7) can also be neglected because of its second-order nature
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Fig. 2. Permeability curves for typical cores. (a) Permeability versus dc-bias.
(b) Permeability versus ac flux density.

in small-signal sense. Thus, the expression for vy, is simplified

to the following:

NZA,UJdc (I:r) dZﬁL
l dt

di

=L, (LL) dt

Vpa = ®)
with L, (I,) defined as instantaneous inductance at the operat-
ing point. This is equivalent to standard definition of voltage
across an inductor [30], with the only difference being the value
of inductance L, varies from one operating point to another.
This equivalence simplifies the derivation of control law in each
switching cycle and also makes conventional stability analy-
sis methods applicable. However, the variation of inductance
from one operating point to another requires the control law
to be updated in every switching cycle while stability analysis
be performed for the entire range of variation. The details are
presented in the following sections.

III. REVIEW OF DIRECT DIGITAL CONTROL
A. Basic Direct Digital Control Law

Direct digital control law is based on the fundamental network
theory and a filter inductance model. The basic control law [18]
is derived in two steps of division and summation.

Division (D): In every switching cycle, the inverter-side in-
ductor L; has two operation states, magnetization and demag-
netization. Applying KVL to the inner loop, shown in Fig. 1,
the following state equations can be derived:

A ii,mag = vdclli_vc dT@ (9)
and
A Z.i?dem - _UdC-Lﬁ (1 - d) Tsa (10)

where Aij mag and Ai; gem are the inverter-side current 4; vari-
ation during magnetization and demagnetization, respectively,
and d is the duty ratio, T is the switching period, vq. is the
dc-link voltage, and v, is the filter capacitor voltage.

Summation (22): The total inverter-side inductor current vari-
ation A¢; in one switching cycle is obtained by adding the two
state equations (9) and (10) as shown in the following:

AZL _ 2vdcTs d— Vde + Ve

Li Li

1. (1)
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Thus, the basic control law is derived from (11) as follows:

1 Ve Lz

d==+
2047

Ai;.
2 204c

(12)

The filter inductance value is estimated from a current-
dependent nonlinear inductance model and acts as an adaptive
proportionality factor. This ensures wide variation in inverter-
side inductance is dynamically taken into consideration without
any further proportionality factor tuning. However, wide vari-
ation in both inverter- and grid-side inductances needs to be
considered with LCL filters. Moreover, LCL filters being
more vulnerable to instability require additional compensation.
Hence, a modified control law is derived to overcome the limi-
tations of basic control.

B. Modified Direct Digital Control Law

The modified control law for LCL filter is derived similarly by
applying KVL to the outer loop and KCL to filter node, shown
in Fig. 1, in two steps of division and summation.

Division (D): The expressions for inverter-side current varia-
tion during magnetization and demagnetization are as follows:

. Ude — VP L .
A i,mag — 1 . 1 dTe 7QA c,ma 13
%, mag Li+Lg : +Li+Lg lc,mag (13)
and
¢ L, .
A ii,dem = w (1 - d) Ts + : AZcﬁdem (14)

L+ I, L + L,

where A, and Ai. gen are the corresponding variation in
filter-capacitor current i, and vp is the voltage at the point of
common coupling (PCC).

Summation (X): The total inverter-side current variation is as
follows:

2047
L+ L,

_ Yae tvp n L,

A'i: s :
! Li+ L, Li+ L,

Ai..  (15)

A control law in discrete-time domain is derived from (15)

by considering the following.

1) The total current difference Ai; to be the sum of ref-
erence current difference for next switching cycle (i.e.,
iref(n 4+ 1) — iref(n), which is equivalent to reference
current feedforward) and current tracking error (i.e.,
irer(n) — 4;(n)) for the current switching cycle [18], [19].

2) The capacitor current difference term Ai, in (15) needs to
be compensated so as to cancel the effect of filter capacitor
[19].

Thus, the modified control law along with the compensation

term in discrete time is expressed as shown in the following:

1
din+1)= 5
U}; (n) Uref (n + 1) — 1 (n)
- 204c (n) e (n * 1) . 2vqc (n) T
L (DG ve(n) =20 (n—1) +og (n—2)
204c (n) T2

(16)
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Fig. 3. Nonlinear current-dependent permeability characteristics.

where n and n + 1 represent the current and next switching
cycle instants and L.7 is the sum of the estimates of the in-
verter side L; and grid side L., inductances from the filter
inductance model. v and v} samples used in (16) are actu-
ally the averages of their corresponding rising-edge and falling-
edge samples [37], i.e., vi(n) = 0.5(v.(n) + v.(n —0.5)) and
vp(n) = 0.5(vp(n) 4+ vp(n — 0.5)). This method is applied
to eliminate the effect of approximately 90° phase shift between
switching ripples of inductor current and terminal voltage. The
last term in (16) is the compensation term corresponding to filter
capacitor current difference, Ai.. in (15). The first-order deriva-
tive of filter capacitor voltage v, using simple backward Euler
method is applied to determine .. However, digital differen-
tiators with generalized integrators [36] could also be used for
higher accuracy.

IV. INDUCTANCE ESTIMATION MODEL

Inductance values are typically estimated from the anhys-
teretic polynomial expressions Lapp . (¢) derived from the ex-
pressions for percentage of initial permeability (dc-permeability
curves) given in manufacturers’ datasheets [34], [35]. How-
ever, inductors exhibit both major and minor hysteresis loops
[38] as shown in Fig. 3, under steady state due to switch-mode
operation, causing the estimated inductance L., to vary from
absolute inductance L, at any instant. The major loop cor-
responds to ac excitation at line frequency f; and the minor
loop corresponds to that at switching frequency fs. It can be
seen from the major loop, shown in Fig. 3, that the incremental
permeability profile (i.e., slope of the line joining the initial and
final points along the curve) during a large-signal step down
Altgemag varies significantly from that during a large-signal
step up Afimag. In fact, Apftgemag s comparatively slower than
A ag- Since, inductance is directly proportional to magnetic
permeability (L, o p,), L, would vary significantly from L
based on only Lapp ; (7).

The discrepancy between L, and L., during steady state is
increasingly becoming irrelevant due to advancements in soft
magnetic material technology and also usually controllable, un-
less the resonant frequency due to drop in inductance reaches
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Fig. 4. Variable structure inductance estimation model.

stability boundary [17]. And the output response during transient
state would also eventually converge regardless of the aforemen-
tioned discrepancy, unless the resulting (over) undershoot hits
the predefined protection limit. Hence, to ensure stability under
steady-state operation, the filter parameters are chosen such that
the resonant-frequency shift due to drop in inductance remains
within the stability boundary [17]. And to ensure overall stabil-
ity, a variable-structure inductance model loosely based on the
hysteretic behavior is implemented.

Now, mathematically quantifying the observed effect of hys-
teresis on incremental permeability is not that simple. Hence,
L., is simply held at the expected final value for a fixed number
of switching cycles during a large-signal step up operation, em-
ulating fast changing incremental permeability characteristics
during magnetization (see the slope in MAROON in Fig. 3). On
the contrary, L., is held at its initial value during a large signal
step down operation, emulating slow changing incremental per-
meability characteristics during demagnetization (see the slope
in PURPLE in Fig. 3). The expected number of switching cy-
cles required for the incremental permeability characteristics to
come back to normal after a sudden change in current N g is
treated as a design parameter. A typical value of 5 to 10 switching
cycles for switching frequency of 30 kHz, which is equivalent to
0.167-0.334 ms, has been observed to be a good choice for very
large signal step down or step up operations, such as 5—1 kW (a
drop in current from 32.14 to 6.42 A peak) or vice versa. The
decision on transient or steady state is done by checking the
difference between reference and feedback currents A7 in each
switching cycle. The acceptable limit on Ai for which the effect
of hysteresis can be considered to be negligible, ¢ is also treated
as a design parameter. A typical value of 10-15 A has been
observed to be acceptable from experimental results. Both the
choice for Ny and € will vary according to the choice of the in-
ductor core. Whenever A1 is determined to be beyond the limits
defined by +e, the transient-state start and end switching cycle
instants are initialized as 17, siart = nand ny, enda = 1+ Nrg,



WU et al.: DIRECT DIGITAL CONTROL OF SINGLE-PHASE GRID-CONNECTED INVERTERS

1855

lref y
(-

GVac

] 2vdcn "

G |y,
2de

A

I\ I\ SLg
i
NN 1 1%
sLi| 7 N sCy Vc p sL]
Vg

L.,C
Legbg
v GG

Fig. 5.

respectively. The reference current at 1724y sgart OF 7y cnd 1S then
used in Layp . (¢) to derive L., accordingly. However, under
steady-state and small-signal transient-state operations, L., is
directly derived with reference current for next switching cycle
instant from Lapp , (7). This estimation process is elaborated
in a flowchart shown in Fig. 4.

This variable structure estimation model ensures that the con-
trol can adapt rapidly to periodically changing plant structure
during steady-state operation, while also exhibit robust behav-
ior to sudden change in the plant structure during large signal
transient operation. This could be seen as a variable-structure
controller [39] with estimated inductance values and hence, the
controller gains depending on core and current characteristics.
The significant advantage of the control method is that usually
no additional proportionality constant tuning is necessary if the
LCL filter has been designed to work within its region of stability
over the entire range of filter inductance variation.

V. STABILITY ANALYSIS

Stability analysis is done using the classical switching av-
erage model [40] in s-domain, considering the dc-bias (i.e.,
instantaneous ac at f) as the operating point and ac at f; as the
small-signal perturbation. The small-signal perturbation could
be considered as a permanent disturbance because it also causes
a change in the dc-bias, as discussed in Section II. But, it is
treated as a case of stability subject to an instantaneous dis-
turbance but operating at a new equilibrium point [41]. The
time-domain switching average model of the system shown in
Fig. 1, based on the discussion in Section II and assuming a
bipolar operation is given by the following:

dis ! -

0 — 0
dt L; (L) 1
dve | _ 1 0 1 "
dt g Cy _
di, 1 tg
i’ 0O ——— 0
dt L, (Ig) + L .
2d —1 T
0
L; (I;)
Vde
+1 0 0 (17)
v
1 g9
0
Ly (1) + Lr

Switching average model of grid-connected inverter with LCL filter for direct digital control with compensation operating in bipolar mode.

The corresponding model in s-domain along with the con-
troller (16) is shown in Fig. 5. The term G,4(s) represents the
overall delay transfer function that includes computational de-
lay, sampler, and zero-order hold [42], G,y (s) represents the
rising-edge and falling-edge samples averaging used for v, and
vp in (16) and G, (s) is the s-domain representation of second-
order difference equation used to derive the compensation term
in (16). The expressions for G4(s), Gavg(s), and G, (s) are as

follows:
Gy (s) = e skl ﬂ 0<ks <10
d - STS b — d > .
1 + 6—5045T5
Gav 3 = 5
g (s) B
1— 2675T,g 4 67257}
G, (s) = T2 : (18)

s

Now, the plant and control parameters change with inductance
variation, hence the model needs to be parameterized and ana-
lyzed over the entire range of variation for a complete picture of
stability [32]. This is done by defining a parameter space, (math-
ematically termed as a parameter hypercube [43]) that includes
the following dimensions.

1) Inductance variation factor k.

It is defined as the ratio of absolute inductance L, to nominal
inductance Ly, , at any instant, i.e.

L,

Lnom,.’v

kpe = (19)
bound by the allowable minimum inductance L.,i, ., ie.,
Lmin”r‘ S kL.’t S 1

2) Inductance estimation factor kez

It is defined as the ratio of estimated inductance L., to the

absolute inductance L, at any instant, i.e.
LEI

L.’l?

with a reasonable limit of 0.8 < k., < 1.2, considering the
effect of hysteresis.

3) Line Impedance L,

Itrefers to the inductive transmission line impedance, the limit
to which is typically defined by the maximum and minimum
short-circuit ratio (SCR) [17] specifications for the inverter. A
stiff grid is considered to be with an SCR = 500 and a weak

ke:t = (20)
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grid with SCR = 10-15, which corresponds to L; ~ 50 uH
and Ly = 1.7-2.5 mH, respectively, for a 5 kW, 220 V, 60 Hz
inverter.

The bounds on k., and k., are assumed to be same for both
L; and L, at any instant, based on the understanding that both
would have the same average current profile under steady state.
Moreover, it reduces the parameter space to a simple three-
dimensional cuboid, which otherwise would become a complex
five-dimensional hypercube. A family of models (17) and trans-
fer functions for the parameter space are then derived from
Fig. 5. A conceptual representation of the same is shown in
Fig. 6. Each point (kp,, ke, L) on the parameter space cor-
responds to a set of model and transfer functions in an uncertain
model space which can be further used for conventional stability
analysis.

Gridding the parameter space and checking stability at dis-
crete combinations of (kr., k.., L) are feasible for a small
parameter space. Alternative solutions have been presented for
systems with large parameter space in [29], [32], and references
therein, such that stability analysis with only a subset of param-
eter space would imply overall stability, but with limited appli-
cability. Nevertheless, the parameter space considered here is
usually very small due to physical and practical limitations. &y,
is limited by inductor-core saturation level for maximum current
specification of the inverter, k., is limited by the accuracy of the
inductance estimation model, and L, is limited by international
conformance standards for interconnection of inverters such as
IEEE 1547.1 [1] (specifies SCR, > 20 for conformance testing).
Hence, selected combinations of (kj., k.., Lz ), by keeping
one of the parameter constant while varying the other two, have
been used in this paper to observe the pattern in stability margins
through bode plots. A few points to note here are that the bode
plots for analysis are shown maximum up to the Nyquist fre-
quency, since the switching average model is valid only up to that
frequency [15]. A switching average model corresponding to the
basic controller (12) is also used for comparative analysis. How-
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ever, the transfer function expressions for modified controller
(16) are only shown. The steps for derivation of the transfer func-
tions have been elaborated in Appendix A. The corresponding
details for basic control are derived similarly, but not shown for
brevity.

A. Current Tracking Capability (Gei.)

The controller being an inverter-side current feedback-based
control, the tracking capability of ¢; to ¢, is investigated from
the transfer function shown as follows:

’ii k‘o

Gete = =
cte (3) iref 0. =0 ks + ko

2

where the coefficients are given by the following expressions:
kO = (keikLiLnornJ + keg kLgLnom,g) Gd (5) fs
kl - kLi Lnom,i + kLgLnom,ng (3) Gavg (8) .

Assuming inductance estimation factor k., = 1 and induc-
tance variation factor 0.2 < kr, < 1, loop gain derived from
(21) is shown in Fig. 7 (plot in BLUE). The loop gain derived
similarly for basic control is also shown in Fig. 7 (plot in RED)
and it is observed that a slightly higher bandwidth and bet-
ter phase margin is obtained due to consideration of grid-side
inductance. It is also observed from Fig. 7 that for a particular
inductance estimation factor k., , current tracking is not affected
with inductance variation. The magnitude and phase plots for
different values of ky,, overlap with each other.

However, the phase margin does get affected with variation in
k., for a particular value of kr ., as shown in the phase margin
versus inductance estimation factor plot in Fig. 8 for modified
control.

Now, controller is not independent of the variations in ter-
minal voltage v. because the control output impedance would
interact with C, and L, and potentially lead to instability even
in the absence of line impedance. This can be best analyzed
through impedance-based stability analysis method [33].

(22)



WU et al.: DIRECT DIGITAL CONTROL OF SINGLE-PHASE GRID-CONNECTED INVERTERS

& w
S (=]

Phase Margin
W
S

20
0.8 0.9 1 1.1 1.2

Inductance Estimation Factor (k)

Fig. 8. Phase margin versus inductance estimation factor curves for control
with modification and 0.8 < k., < 1.2atkp, = land ky, = 0.2.
G v L L
i® ||z T %

Fig. 9. Equivalent impedance model of inverter-side current controlled grid-
connected inverter with LCL filter.

B. Output Impedance Interaction (Z,)

The equivalent impedance model for grid-connected inverter
with inverter-side current feedback based-control is shown in
Fig. 9.

The transfer function shown below represents the output
impedance for modified control

v _ pis+po
W= T e

bi live=0

(23)

where the coefficients are given by the following expressions:
po = (keikriLnom,i + kegkrgLnom.g) Ga (s) fs
P1 = kri Lnom,i + krgLuom,gGa (5) Gavg (5)
@0 = (1 + Fugkry Luom 4Gy G (5)) G (5) Gav (5) — 1
@2 = kg Liom,¢CyGa (5) Gavg (5) . (24)

The grid-side impedance as seen at the terminal of the con-
troller is given by the following:

7 (S) _ (kLgLnom,g + LL) S
. 1+ Cg (kLgLnom,g + LL) 52 '

Assuming the basic criteria for stable source and load are
satisfied and according to impedance-based stability criterion
[33], the system would remain stable if the impedance ratio
Z4(s)/Zo(s) satisfies the Nyquist criterion. With the assump-
tion of a stiff grid, the output impedance Z, (s) (BLUE) and grid
impedance Z, (s) (GREEN) plots for the first set of LCL param-
etersin TableI (i.e., L; = 1.2 mH, C, =5 uF, L, = 0.28 mH)
are shown in Fig. 10. The output impedance derived for basic
control Z(s) is also shown in Fig. 10 (RED) for comparative
analysis. It is observed from Fig. 10(a) that when filter induc-
tors are at their nominal values, i.e., k;, = 1, Z,(s) intersects
Z,(s) at two critical frequencies 3.55 and 4.48 kHz with a phase
difference of 60.5° and —153.7°, respectively, indicating suffi-
cient phase margin. Similarly, Z/(s) intersects Z,(s) at 3.44

(25)

TABLE I

SYSTEM PARAMETERS OF INVERTER PROTOTYPE

Power Switch

C2MO0025120D

Parameters Symbol Values
DC-link voltage Ve 360 ~ 400 V
AC output Vorms 220V
voltage "
Maximum rated P S KW
power
Line frequency fo 60 Hz
Sic MOSFET | , Vps~ 1200V,

Incrc =250y = 90 A,
and RDS(on y = 25 mQ

Switching
Frequency

fs

30 kHz

Inverter-side
Inductance

&

1.2mH 1.5mH

Filter Capacitor

0

5 uF 10 uF

Grid-side
Inductance

t~
0

0.28 mH | 0.25 mH

150

(=3
(=}
T

W
(=}

Magnitude (dB)

Phase (deg)

-90

Frequency (kHz)
(a)

150

(=3
(=}

Magnitude (dB)
&2

» el
L= W (=]
T T

Phase (deg)

IS
vy

-90
10°

Fig. 10.

Frequency (kHz)

(b)
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Output impedance versus grid impedance for basic and modified

control when connected to a stiff grid (SCR = 500) and inductance at (a) 100%
and (b) 20% of nominal value.
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Fig. 11.  Phase margins under wide variation of filter inductance derived from
output impedance versus grid impedance plots for basic and modified control
at the first critical frequency when connected to (a) stiff grid (L ~ 50 pH)
and (b) weak grid (L, ~ 2.0 mH) and at the second critical frequency when
connected to (c) stiff grid (L, ~ 50 pH) and (d) weak grid (L =~ 2.0 mH).

and 5.07 kHz with a phase difference of 146.0° and —68.2°,
respectively, indicating good phase margin. And it is observed
from Fig. 10(b) that when filter inductors are at 20% of their
nominal values, i.e., kr, = 0.2, Z,(s) intersects Z,(s) at 5.04
and 9.87 kHz with a phase difference of 119.2° and —169.2°,
respectively, indicating sufficient phase margin, while Z/ (s) in-
tersects Z,(s) at 4.21 and 9.99 kHz with phase difference of
133.2° and —182.1° respectively, with almost no phase margin
at9.99 kHz. It is also observed that | ? 53 | > 1 for basic control
at 9.78 kHz, where Ap = —180.0° indicating instability. It can
be confirmed from the above observation that the prediction of
stability based on only the nominal value of filter inductance
would not be sufficient.

The second set of LCL parameters in Table I (i.e., L; =
1.5mH, C, =10 uF, L, =0.25mH) is also used to ob-
serve the relative stability margin for both basic and modified
control over the entire range of filter inductance variation. A
comparative plot of the phase margins at both the critical fre-
quencies as kg, varies from 0.2 to 1.0 when connected to a stiff
grid (SCR ~ 500) and to a weak grid (SCR ~ 12) is shown
in Fig. 11. It can be observed that the phase margin is com-
paratively higher with modified control even with drop in filter
inductance and in the presence of line impedance at the first
critical frequency. Although the phase margin at the second
critical frequency is observed to be better for basic control, the
overall balance of phase margins is better for modified control.
Hence, modified control could be considered to be relatively
stable than basic control. It is also observed that the phase mar-
gin varies a lot with filter inductance variation in the presence
of line impedance. This again confirms that analysis done with
nominal value of inductance would not be sufficient.

VI. EXPERIMENTAL VERIFICATION

An inverter prototype based on the specifications of Table I
is used for experimental verification. It was tested for different

Fig. 12.

voltage v, with (a) basic and (b) modified control.

TABLE II
TEST RESULTS FOR VARIOUS GRID-VOLTAGE HARMONICS

AND LINE IMPEDANCE

Measured waveforms of inverter current 4;, grid current ¢,, PCC

% in Grid Current
Grid-Voltage for different Line Impedances
Case Harmonics basic modified
LL = LL = LL = LL =
Order | % | oo | 2mH | s0uH | 2mH
! THD (%) | 0.11 0.961 2.282 0.872 1.403
3 5.0 0.801 0.939 0.784 0.885
5 5.0 1.617 1.794 1.530 1.680
7 3.0 1.245 1.506 1.204 1.437
1 9 25 | 1428 | 1977 | 1365 | 1854
11 2.0 1.457 2.198 1.358 1.997
THD (%) | 11.2 3.059 4.839 2914 3.874

levels of grid-voltage harmonics and inductive line impedance.
The test scenarios for grid-voltage harmonics were generated
from a programmable ac source, Chroma 61512 (with an internal
output inductance of about 50 pH) and the harmonics were
measured using a power analyzer, WT1600.

A. Effect of Modifications on Steady-State Stability

The first set of LC'L parameters specified in Table I (i.e.,
L;=12mH, C, =5 uF, L, =0.28 mH) is used for this
test scenario and molybdenum permalloy cores are used for
filter inductors so as to allow 80% drop in inductance from
nominal value at rated current. The inverter was tested with both
basic and modified controls and the corresponding waveforms
are shown in Fig. 12. It is observed that without modifications,
the current waveforms have oscillations toward the peak, where
inductance drops close to 20% of the nominal value. This con-
firms the stability analysis done in the previous section, where
it was predicted that without modification the system would be
unstable when inductance drops to 20% of the nominal value.

B. Effect of Modifications on Grid-Current Harmonics

The second set of LCL parameters specified in Table I (i.e.,
L; =15mH, C;, =10 uF, L, = 0.25 mH) is used for vari-
ous test scenarios. The test conditions and results are tabulated
in Table II. The corresponding waveforms are also shown in
Fig. 13. It can be observed that the grid-injected harmonics with
modified control is comparatively less even in the presence of
line impedance and grid-voltage harmonics. This confirms the
effect of modifications on grid-voltage harmonic rejection.
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Fig. 13.  Measured waveforms of inverter current 7;, grid current 7, , and PCC
voltage v, with line inductance L, = 50 1H, Case I: (a) basic and (b) modified,
Case II: (c) basic and (d) modified and with line inductance L; = 2 mH, CaseI:
(e) basic and (f) modified, Case II: (g) basic and (h) modified.

C. Effect of Modifications on Resonance Damping

With  LCL parameters as L;=1.5mH,C,=10uF,
L;=025mH and line inductance as L; = 2.0 mH, the
resonant frequency moves to the region between 17th and 28th
harmonic orders due to inductance variation. And it can be
observed from the corresponding harmonic spectrum, shown
in Fig. 14 for both Case I and Case II of Table II, that the
harmonics in the region are significantly suppressed in modified
control. This confirms the effect of modifications on resonance
damping.

D. Effect of Consideration of Grid-Side Filter Inductance
Variation on Control

The modified control law is applied with and without consid-
ering the variation in grid-side inductance. The corresponding
measured waveforms under steady state are shown inFig. 15.
When grid-side inductance variation is not taken into consid-
eration in the control gain, severe current oscillations are ob-
served near the peak where filter inductors are at around 20%
of their nominal values. The oscillations, however, gradually

1859

® pasic W modified W basic  Wmodified

1 || 1
0 0
3 7 1115192327313539 3 71115192327313539

(2) (b)

Fig. 14.  Harmonic spectrum of grid current 4, with line inductance Ly, =
2 mH. (a) Case I. (b) Case II.
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Fig. 15. Measured waveforms of inverter current i;, grid current i, , and PCC
voltage v;,. (a) Without. (b) With consideration of grid-side filter inductance
variation.

damp out as filter inductors reach its nominal value closer to the
zero-crossing. This confirms the importance of considering the
variation in grid-side inductance as well in the control.

E. Effect of Variable Structure Inductance Estimation Model
on Transient-State Stability

To validate the importance of variable structure inductance
estimation model in Section III, various step-down responses
near the peak, where inductance is minimum, are done. During
a step-down of 5-4 kW or 5-3 kW near the peak, shown in
Fig. 16(a) and (b), respectively, the estimated inductance from
anhysteretic curve fit polynomial would vary from the absolute
inductance leading to longer settling times. However, during a
large step-down of 5-1 kW, the system enters protection due
to filter capacitor voltage overshoot, as shown in Fig. 16(c).
This is because of a larger discrepancy between the estimated
inductance from anhysteretic curve fit polynomial and absolute
inductance. After including the logic for variable structure in-
ductance estimation model into control, the step-down response
for 5-1 kW remains stable with very small capacitor voltage
overshoot as shown in Fig. 16(d). This confirms the effective-
ness of variable structure filter inductance estimation model in
dealing with large step-down transient response.

VII. CONCLUSION

A direct digital control method that can deal with wide vari-
ation in both inverter-side and grid-side inductance due to soft
magnetic powder core material has been introduced in this
paper. The rationale behind introducing a variable-structure
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Fig. 16. Measured waveforms of inverter current i;, grid current i,, and
capacitor voltage v. and PCC voltage v;, during step-down near the peak from
SkW to (a) 4 kW, (b) 3 kW, and (c) 1 kW without variable structure inductance
estimation model and (d) step-down near the peak from 5 to 1kW with variable
structure inductance estimation model.

inductance estimation model to deal with large-signal transient
response has been discussed. And the limitation of conventional
stability analysis based on nominal value of filter inductance in
predicting instabilities has also been discussed. To investigate
system stability over a wide range of filter inductance variation,
impedance-based stability analysis method applied to a param-
eterized switching average model has been proposed. Experi-
mental results have been shown to validate the proposed control
and stability analysis approach. The proposed control method
would enable power engineers to incorporate soft magnetic pow-
der core-based filter inductors into inverter-based applications.
The parametric stability analysis method will also be able to
provide better insight into designing appropriate inductor cores
and compensation gain, so as to ensure stability over the entire
range of operation.

APPENDIX A
DERIVATIONS OF TRANSFER FUNCTIONS
FOR STABILITY ANALYSIS

From the control block diagram shown in Fig. 5, volt-
age at the inverter terminals vj,, is derived to be as
follows:

Viny = (2d - ]-) dedc

Ler . .
= (Gavgvp + TT (sz — 27;) + LegCgGangv”Uc> Gy

= | (1+ LeyCyGy + $*LyCy) Gavge

Lei + Leg
T

s

—SLgGavgii + (iref - Zz) Gd~ (26)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 2, FEBRUARY 2019

Now, again from the control block diagram, the expression
for ¢; is derived to be as follows:

Viny — V¢
= ————— . 27
i sL, (27

Substituting (26) in (27), the following expression is derived:
Ve { (L4 LeyCyGy + 8 LyCy) GayeGa — 1}
+ivet (Lei + Leg) Ga fs = i {5 (Li + LyGavgGa)
+ (Lei + Leg) Gafs } - (28)
From (19) and (20), the following expressions are derived:
L; = kri Luom,i
Ly = kg Luom.g
Lei = kei Li = kei kri-Lnom,i
Leg =key Ly =keg krg-Lnom,g- (29)
Substituting (29) in (28), the following expression is derived:
Ve {(1+kegkrg-Luom,gCy Go +57 k1 g Luom.g Cy ) GavgGa—1}
+ drer (Keikri-Luom,i + kegkrg-Lnom.g) Ga fs
=14 {s(kriLnom,i +krgLnom gGaveGa)
+ (keikri-Loom.i + kegkrg-Lnom,g) Gafs}- (30)

Expressions (21) and (23) are then directly derived from (30).
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