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Abstract—In this paper, the dynamics of neutral-point (NP)
voltage oscillations and associated instability phenomena in a
three-level (3L) neutral-point clamped inverter (NPCI), operating
as a grid-following (GFL) inverter, are analytically modeled. We
depart from the traditional space-vector analysis and adopt a
time-domain description in synchronous (dq) reference frame
for system modeling. In particular, the NP voltage on the dc-
side is identified as an additional system state unlike in a
traditional 2L-inverter model. We obtain an averaged dynamic
model of the current-controlled 3. GFL-inverter in state-space
form. While the model is nonlinear and time varying, it compre-
hensively captures all pertinent dynamics of the GFL-inverter
while acknowledging the participation of power- and control-
circuit parameters in determining the NP-stability. We present a
block-schematic dg-domain equivalent circuit of the average 3L
GFL-inverter model delineating the 2L inverter control model
contained with it and the additional dynamics arising from
switching the NP branch. We utilize this model for two purposes:
(a) feedback linearization of the plant model using feed-forward
compensation of nonlinear and time-varying terms, which facili-
tates controller design using classical control synthesis techniques,
and (b) improving injected grid-current quality. A full-order
switched-model simulation of a three-phase GFL-inverter system
in MATLAB®Simulink validates the accuracy of the proposed
average dynamic model for NP-stability studies as well as grid
current quality improvement.

I. INTRODUCTION

Pulse-width modulated (PWM) three-level (3L) neutral-
point clamped inverter (NPCI) is a classical and popular
voltage-source inverter (VSI) topology. It is considered a
workhorse in industry and widely deployed across power-
conversion applications [1], [2]. In terms of averaged circuit
dynamics and their implications on controller design, the 3L
NPCI is routinely deemed to be identical to a conventional 2L-
VSI [3]. This consideration, however, is justified only when
the NP potential is held stiff, e.g., when split dc sources are
employed to power the positive and negative dc-buses sepa-
rately. However, this may not be true in every application; e.g.,
in medium and high power grid-integrated solar photovoltaic
(PV) systems, the PV array typically feeds the entire dc-
bus [4]-[6]. Feeding the total dc-bus from a single dc source is

This material is based upon work supported by the U.S. Department of
Energy’s Office of Energy Efficiency and Renewable Energy (EERE) under
Solar Energy Technologies Office (SETO) Agreement Number EE0009025.

978-1-6654-3635-9/21/$31.00 ©2021 IEEE

Control Layer Physical Layer

;abe
2 abe
i
Ug

2 )in,br: >

PI current
i controller

Fig. 1: (a) A 3L-NPCI-based GFL-inverter system showing the
physical power-stage and control-layer architectures.

also a low-cost option commonplace in VSI designs. In these
scenarios where no mechanism exists to keep the NP voltage
stiff, the simplifying assumption of equivalence with a regular
2L-VSI in terms of of average circuit dynamics is not valid.

This is because the 3L NPC topology introduces addi-
tional dynamic characteristics during operation; e.g., the third-
harmonic oscillations in NP voltage are a known phenomena
reported in 3L NPCI literature [3], [7]-[9]. Another concern
that deserves attention is the sensitivity of the NP voltage and
its stability under closed-loop system operation. We illustrate
this with a short example. Figure 1 shows a GFL-inverter
system with a T-type 3L NPCI topology that has an L-filter L¢
on the line side and a PI-based current-controller in the control-
layer. This is a typical interface architecture for GFL PWM
inverters [4], [10]. The nominal dc-bus voltage considered here
is 400V. The dynamics of individual dc-bus capacitor voltages
Vel, Ueo (sitting at 200V nominal value) along with the a-
phase PWM pole-voltage v;* are shown in Fig. 2(a,b) for a
real-current reference command change (in i?*) for two cases
of filter-inductor values. (The third-harmonic ripple in v, vco
due to NP oscillations during inverter operation can be noted.)
In this switched-model simulation comparison, the two cases
have a stable current loop with identical and well designed
control bandwidth of 1kHz. It can be seen that a higher value
of L¢ leads to an unstable drift in the NP voltage following
the reference change, leading to maloperation of the inverter
as demonstrated in Fig. 2(b).

The issue of NP drift and stability has indeed received
attention in prior art [3], [11], [12]. In these efforts, space-
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Fig. 2: Dc-bus capacitor voltages ve; (= vge+) and wvep
(= —vg.-) along with a-phase PWM pole-voltage v;* are
shown for (a) stable case with Ly = 0.5mH, and (b) unstable
case with Ly = 2mH.

vector-based perspectives are provided to give static models for
the analysis of NP voltage. Other works in [13]-[15] discuss
the issue of NP stability and propose active and hybrid space-
vector modulation techniques to achieve NP-voltage balance
during operation. Indeed, a more suitable approach for charac-
terizing NP-voltage behavior during operation is via dynamic
models. This is attempted in [16]-[18]. Although these efforts
present a dynamic model for analysis of 3L inverter systems,
they do not comprehensively acknowledge the influence of
filter and controller parameters on the NP stability. Nonlinear
dynamic models for the 3L NPCI are developed in [19],
[20]. However, these models do not capture the nonlinearities
arising due to NP oscillations; a characteristic feature of
the 3L topology. These are either assumed to be zero to
facilitate small-signal linearization, or rendered to be zero via
generalized state-space averaging methods. This assumption
does not hold true for all designs in general as the NP voltage
oscillations may assume a sizable value depending on the size
of dc-link capacitors employed [8]. In essence, although the 3L
NPCI is a classical inverter topology that has long existed, a
comprehensive dynamical system model along with a compact
equivalent circuit that accurately captures the NP instability
while factoring in the influence of all the dynamic elements,
parameters, and nonlinearities present in the system is lacking
in the literature.

In this paper, we address this gap by proposing an averaged
dynamic model of the 3L-NPCI-based GFL inverter to facil-
itate study of NP-voltage dynamics and instability. Departing
from the traditional space-vector perspective, we derive the
system model in synchronous (dq) reference frame in state-
space form. We reveal that, in view of the NP connection,
the system dynamics are rendered nonlinear and time varying.
We then furnish a block-schematic equivalent circuit of the
average 3L GFL-inverter model and also delineate it from
the traditional 2L-VSI control model (contained within) by
highlighting the additions and changes arising due to the
NP connection. Such a concise dg-domain equivalent circuit
representation elucidating the linear and nonlinear dynamics
in a 3L-NPCI-based GFL-inverter is lacking in the literature.
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Fig. 3: (a) Circuit schematic of 3L-NPCI leg, and (b) DM and

CM modulation references m@*¢ & m*¢, and average a-phase

duty-ratio functions d%, d* with PWM signals.

We leverage the model for feedback linearization of the plant
model, which facilitates PI controller design through classical
synthesis techniques. We achieve this by estimating the non-
linear time varying terms (which constitute the disturbance
inputs to the plant) and cancelling them in real-time via
appropriate feed-forward compensation in the control loop.
This process also yields a notable improvements in the injected
grid current quality. We demonstrate these effects as well as the
sensitivity of NP-voltage stability to power- and control-circuit
parameters through a suite of case-study comparisons with
a full-order switched-model simulation of the GFL-inverter
in MATLAB®Simulink, thus validating the model accuracy.
The proposed model can be readily extended to other power-
conversion systems involving such a current-controlled 3L-
NPCI, e.g., grid-forming inverters, STATCOMS, and variable
speed motor-drives.

II. PWM SCHEME AND AVERAGE OUTPUT-VOLTAGE
EVALUATION

We begin with the PWM scheme for a T-type 3L-NPCI
(see Fig. 3(a) for schematic) and evaluate its averaged output
voltage. The generalized positive and negative dc-bus voltages,
v:{C and v, which include the differential-mode (DM) ripple
Vam and the common-mode (CM) NP-voltage ripple v, are
given by:

‘/(C :l\}/(m ~
Vg = 1 = 5"+ 5" + Tup, (1a)
— Vdc 5dm ~
Uge = ~Ve2 = =5~ — 5 + Unp. (1b)

In this work, we consider conventional carrier based sine-
triangle PWM technique for the semiconductor switches in
the 3L NPCI. The duty-ratio functions for conventional PWM
techniques are typically discontinuous and time-shifted half-
wave rectified sine waves. For instance, phase-disposition (PD)
PWM is commonly used in 3L-NPCI [21]. The switching-
cycle averaged duty-ratios of the active-state switches, df
(= (Ss¢)1.) and d2 (= (Ssy)7,), for the a-phase T-type leg
are given below [9]: (see Fig. 3(b) for visualization)

o inf 0<6<
d+—{ anm <0<m (2a)

T< <27’
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do =1—(d} +d2). (2¢)

where, m is the modulation index, § = wt is the instantaneous
phase, and df is the average zero-state duty-ratio. Similar duty-
ratio functions can be constructed for b- and c-phases with
appropriate phase shifts. Taken together, we express them as
vectors: d4*¢ = [d4,d%,dS]T, d¢ = [d*,d",d°]T. We
employ (1) and (2) to evaluate the three-phase output voltage

vabe = [po ,vf’, vf] ", For further analysis, we assume Uy = 0,

as the dc link is typically fed by a stiff source; but v, assumes
a finite value depending on the size of dc-link capacitors and
NP current [8]. We get the following general expression for
the averaged 3L-NPCI output in vector form:

abe

v = (vi")r, *”dc<ss"bL>T + Ve (Ssge) 72

dabc dabc

+ Udc

m?bc 'fﬁ?bc

dabc _ dabc ~ dabc dabc
(df T¢) 4 Vnp (AT 4 d2°),

= Vg0

o Vdc
2
Vdc
2

where, m@*¢ = [mg, m? m¢]T denotes the DM three-phase

modulatlon references for the inverter legs (derived from the
current controller output), which, in steady state, are continu-
ous sinusoidal functions:

mabc + Unp,r/ﬁabc (3)

msin 6
msin(6—2F)| . “)
m sin(6+2F)

m;zbc o

Similarly, the term Mm@ = [mg, m?, m¢]" represents the CM

modulation references (see Fig. 3(b) for wave-shapes) arising
in the 3L topology, which, along with the dc-side NP ripple
causes nonlinearity and harmonic distortions on the ac-side via
the term anr?szc in (3). These are expressed as follows:

m| sin 6]
Fte — || sin(9—20))| | (52
m| sin(f+)|
m cos nd
IL Z 1) m cos n(6— 2’f) . (5b)
n=24,." m cos n(6+3F)

where, 1 = [1,1,1]7. Equation (5b) above is obtained by
replacing the rectified sine waves in (5a) with their respective
Fourier-series expansions, as done in [9]. The effort in [9]
presents a static model for quantifying the amplitude of ac-side
distortions in steady-state in a standalone 3L-NPCI operating
in open loop. In this paper, we extend this work and develop a
dynamic model of a 3L-NPCI under closed-loop operation as a
GFL-inverter for control synthesis and NP stability assessment.

III. MODELING 3L GFL-INVERTER IN SYNCHRONOUS
REFERENCE (dq) FRAME

Consider the GFL-inverter system shown in Fig. 1, tied to
the grid v“bc via the inductive-filter L¢ (with resistance 7¢), that

uses a three-phase synchronous reference frame (SRF) phase-
locked loop (PLL) for grid synchronization [4]. For tracking

d
the current references if?" = [i®*,i?*]T, a Pl-based current

controller is realized. We base the 1following modeling and
analysis on three key assumptions:
1) stiff grid with negligible source impedance, and
2) PLL has settled (yields grid frequency and phase infor-
mation w, ) and does not affect system dynamics
We develop the dynamic equations of the GFL-inverter system
in this setting. We utilize the following definition:

cosf  cos(f—3)  cos(0+3F)

T =3 |-sind —sin(0—2%) —sin(0+2)|, (6)
1 1 1
2 2 2

where, T represents Park’s transformation matrix, and the
phase information 6 is available from the PLL. It follows that:

, 0 —w 0 300
TT_lzlw 0 of, rT")'={0 3 of. O

0 0 O 0 0 3
We further denote 990 = Tz%¢ = [z¢ 27 2°]T. Since the

dynamics of the three-phase system are unaffected by the zero-
sequence components in the model, we disregard these terms
in further developments and drop the use of label ‘0’ in the
notations wherever applicable.

A. Current-controller Dynamics

Let the integrator states and controller outputs be denoted
b dq dq . .

y 7, and m; ", respectively. The current controller is tuned
to achieve the desired bandwidth of fib“’(Hz). The model
equations for the current controller are given by:

dﬂY'd e dg* dq
— =t e 8a
a i i (8a)

m = ky (i%* — i) 4+ k. (8b)

where, k, and k; are the PI controller gains that are selected
such that the bandwidth of the current loop is set to the desired
value fv.

B. Power-circuit Dynamics for 3L GFL-inverter
For the inverter power circuit, the ac-side KVL equation in
abc-frame is well known and is given by [10],
digbe r 1
i 't ~;1bc + = (
dt Ly Ly
We use (3) in the above and apply Park’s transformation in (6).
This yields the plant’s dynamical model:

didd TE g 1 Vac 4 - d

vbe — vgbc). 9)

— 7T, (10)

1
— —v
Ly 8

where, vnpm ? represent the nonlinear time-varying (NLTV)
terms. The controller outputs mlq are typically dc signals in
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Fig. 4: Waveshapes of dg-domain duty-ratio signals m;iq and

mda illustrating their dc and time-varying nature, respectively.
The corresponding zy-plots are also shown.

steady state and correspondingly, mg>® are pure sinusoidal

functions. However, since mabC are rectlﬁed sine-waves car-
rying only even harmonics (see Fig. 3(b) and equation (5)),
their dg-frame equivalent, mldq, are time-varying quantities
composed of triplen harmonics. These are illustrated in Fig. 4
and are expressed as follows:

T/ﬁ;j = —(Ask—1 +A3k+1) cos 3kwt, (11a)
k=1,2,..
o0
Z Agk_l—Ang)sin 3kwt. (11b)
k=1,2
where, || - || denotes Euclidean norm. The coefficients, 4,,, are
expressed as follows:
4)|mi?
A, = ——FF~41—-. 12
m(n?—1) (12)

Note that such a formulation for power circuit dynamics in-
cluding the NP voltage ripple, as in (10)—(12), is a noteworthy
contribution to the models in prior-art.

C. Neutral-point Voltage Dynamics

From the definitions in (2) and (3), the NP current in abc-
frame is given by i,, = (d3b¢)Tigte = (1 — mgabe)Tjabe
[8], [12]. This current flows into the dc-link capacitors Cy,
via the neutral point, causing a fluctuation in the NP voltage,
which can be expressed as U, = 05(”;: + vg,). This is a
phenomenon characteristic to the 3L-NPCI topology and is
not applicable to traditional 2L-VSIs. Hence, the NP voltage
constitutes an additional state in the GFL-inverter system and
has to be modeled alongside other dynamical states. The NP
current and voltage dynamics can be expressed in the dg-frame
as follows:

inp = — g (R T(TTT)id= = 2 (il @l (13)

dv,
2C4qc dtp = lnp,
doy 1 ~d- g
th =3 (mfif + miad) . (14)
dc

where, m&i¢ and 7 m{il can be recognized as nonlinear & time
varying terms in the dynamical model.

D. Proposed Dynamic Model of 3L GFL-inverter

Note that the differential equations (10) and (14), which
correspond to the models of the plant (for GFL current control)
and the NP dynamics, respectively, contain nonlinear time-
varying terms. Thus, we combine and rewrite (8)-(14) in the
state-space form ¢ = Az + Bu + G(z,u,t). Denote z =
[, Bop) T, w = [i{%*,0%] T, and I, be a 2 x 2 1dent1ty
matrix. We obtain the followmg dynamlc model for the overall
GFL-inverter system:

a [#7 |5 (et ) v B Yer, o[
dg | — d
Tl i —I 0 0f|%"
Unp 0 0 0 Unp

+ I, 0
0 0

e Yo, I, o
[ ] + G(x,u,t), (15)
g

where, the vector function G(-), is given by,
* t
UIIPHk ( 1 )+k71qH |:f2gt§:|
(D2><1
* t
syt i)+ ki |0

G(z,u,t)=

The time varying vector function [fy(t), f2(t)] "
AW =4 5
=7 >

k=1,2,..
and, the matrices ¥ and Q5 are expressed as:

1 - 0
|

The above time-domain model governs the NP dynamics of
the 3L NPCI, as well as that of the overall GFL-inverter. This
model is compact and comprehensively captures all relevant
dynamics in the system while factoring in the participation of
power- and control-circuit parameters. Notice that the above
model is nonlinear and time varying. (We remark that the
time-varying attribute of the system model is not captured by
many of the earlier efforts that develop dynamic models for
3L NPCI, e.g. [18]-[20].) Due to this, one cannot straightaway
apply classical control design tools to select the controller
parameters, k, and k;. To facilitate control design, we present
a dg-domain equivalent-circuit of the system next.

is given by,

1 1
((3k71)271 + Bk+1)2—1 ) €O8 3kwt
sin 3kwt

1
(Bk—1)2—1 = (3k+1)2—1
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Fig. 5: Block-schematic equivalent circuit model in dg-domain
of the 3L-NPCI-based GFL-inverter system showing the 2L
control model contained within it (colored in black), and, the
NP dynamics along with other additional elements (colored in
red) that are present as a result of switching the NP branch.

IV. EQUIVALENT CIRCUIT IN dg-DOMAIN

In this section, we present a block-schematic dg-domain
equivalent-circuit model of the 3L GFL-inverter. (See Fig. 5.)
The section of the model colored in black, consisting of
the controller and a part of the overall plant, represent the
control model of a regular 2L-VSI; the 2L model is ubiquitous
and extensively discussed in prior-art. The portion colored in
red represents the dc-side NP dynamics and other additional
elements, that arise as a result of introducing and switching
the NP branch devices in a 3L NPCI; this portion of the
plant contains the time-dependent functions and other product
terms that render the model nonlinear and time-varying. Such
a concise equivalent circuit model in dg-frame for a 3. NPCI
has been lacking in the literature, although 3L NPC topology
has long existed. Simulation of such an average model is
computationally much more efficient compared to that for the
switched case; it also facilitates control parameter tuning as
well as stability assessment of the NP voltage. Furthermore,
the model can be leveraged for analytical control design as
well as grid-current THD improvement, as described next.

A. Feedback Linearization

An obvious question that arises now is how to design the PI
current controller for a such a nonlinear time-varying system.
It is clear that one cannot directly apply classical control
synthesis techniques to the 3L inverter model for controller
design, due to the nonlinear nature of the system. Also,
linearization of the above model via small-signal perturbation
around an equilibrium point is not straightforward, given the
time varying nature of the model. However, the structure of
the system is amenable for feedback linearization of the plant
via change of control input variables (a step that essentially
negates and eliminates the nonlinear and time-varying terms
from the plant model [22]). We leverage the average model for
this purpose; we estimate the nonlinear time-varying quantities
Unpm and Uy, from the average model, translate them into
appropriate modulation references and add them to the control
input (inside the control layer) of the switched model with

PI current
controller

Jabe

?—» abc Li e
o
dq /|« i =
abe e
o g
PLL

Fig. 6: The 3L GFL-inverter architecture showing the addition
of estimated modulation references mdff and m¢ ig in the
control layer, based on (16), for feed-forward compensatlon

TABLE I: System ratings & parameters

Item Value
Rated power P 15 kW
Grid voltage V;* 120 v
Dc-bus voltage V. 400 V
Dc-bus capacitor Cqc 600 p F
Switching frequency fs 20 kHz
Filter inductor L¢ 0.5 mH
Filter resistance 7¢ 0.01
Current loop bandwidth fib’”’ 1 kHz
Proportional gain & 3Q
Integral gain k; 60 F~!

appropriate sign. These are evaluated as follows,
i Uppmd i 5npﬁ1
ST 05V T 05V,
The above reference signals are included in the control loop as
illustrated in Fig. 6. This procedure linearizes the 3L inverter

plant model for control design purposes into a first-order
transfer-function, G(s),

(16)

1
G(s) = ——. 17
(S) sLe + 1 an
This allows the use of classical PI controller parametrizations
for achieving the desired control bandwidth fibw (see [23] for
PI gain selections). This is given as follows:
kp = (20 f2)Ls, ks = kp—. (18)
Ly

Note that only after carrying out such a linearization, the above
PI gains are precise and meaningful choices. It is also worth
mentioning that the 3L GFL-inverter plant after linearization

is same as the conventional 2L GFL-inverter [4], [23].

B. Improving Grid-current Quality

It is worth noting that the change of control input variables
for linearization, as explained above and illustrated in Fig. 6,
is tantamount to estimating and nullifying the nonlinear time
varying components (which essentially constitute the distur-
bance inputs to the system on the ac-side) via feed-forward
(FF) compensation in the control loop. This process eliminates
the lower-order harmonic distortions present in the injected
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Fig. 8: Comparison of average- and switched-model simulation results showing (a) case-i conditions (with two consecutive
step-changes in i?*), where, NP-voltage is noted to stabilize after the disturbance, (b) case-ii conditions, where, the k, change

destabilizes the NP voltage, and (c) case-iii conditions where a larger L; renders the NP voltage unstable.

grid current on the ac-side. This will be illustrated in the
following section.

V. RESULTS AND DISCUSSION

For validating the proposed average dg-model, a full-order
switched-model simulation of the 3L GFL-inverter system
shown in Fig. 1, is carried out in MATLAB®Simulink and
its results are compared with that of the average model.
In the switched-model simulation, the grid voltage vector is
aligned withe the g-axis by the PLL. The system ratings and
parameters considered for the verification exercise are listed
in Table. L.

A. Dynamic Response and Feed-forward Compensation

Figure 7(a) compares the dynamic response of the three-
phase inverter line currents from both the switched-and
average-model simulations, for a step change of 0% to 85%
in real-current reference i{*. While the switched-model cur-
rents carry an over-riding switching PWM current ripple,
a close match in the dynamics of average behavior of the
respective currents can be noted between the two results. In

Fig. 7(b,c), the feed-forward performance of the model in
nullifying the NLTV is illustrated. If the switching PWM ripple
is neglected in the GFL line currents, the deterioration in
current quality (quantified by total harmonic distortion, THD)
is caused primarily by the NLTV disturbances causing lower-
order harmonic distortions on the ac-side. To illustrate this
effect, a reduced filter value of Ly = 0.25mH is employed in
the power circuit, while scaling k,, to maintain the control
bandwidth as fibw = 1kHz. In this setting, the estimated
modulation references mffff and mi”fff based on (16) are shown
in Fig 7(b). The distorted GFL currents and the observed
improvement in current quality after the feed-forward action is
enabled, from a THD of 5.1% to 1.1%, is shown in Fig 7(c).

B. Neutral-point Stability Assessment

For validating the NP stability analysis via simulation, three
test-cases of filter-and control-parameter selections are studied:
() Ly = 0.5mH, f* = 1kHz with k, = 3Q; (i) Ly =
0.5mH, and k, changed from 3} to 6f), doubling fib“’ to
2kHz while also maintaining current loop phase-margin and
stability, and (iii) Ly =2mH, f** = 1kHz, with k, = 12Q.
Figure 8(a) shows the variation of actual v, and its filtered
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average U, for case-i for two consecutive i{* changes, where,
Unp is seen to be stable. A close match is noted between the
simulation and the model outputs with an RMS error of 0.1V.
This result establishes that for stable operating conditions,
the proposed GFL model is able to capture the dynamics of
both the average behavior of vy, as well as its instantaneous
variation (with 37¢-harmonic ripple) with high accuracy. Fig-
ure 8(b) shows the v, behavior for case-ii, where, setting
kp to achieve 2kHz bandwidth (a nominal choice for high-
performance current controller) renders the NP unstable, even
though the current-loop is stable by design. While in case-iii,
a choice of Ly = 2mH, a typical value in power filter designs,
is noted to induce NP instability even with a stable current
controller in place, as illustrated in Fig 8(c). This exercise
establishes the sensitive nature of NP voltage to both power
and controller parameters, and the GFL model is shown to
accurately capture the onset of NP instability. Indeed, for all
the unstable cases, it can be noted that as the system response
diverges with time, the error between switched and average
model also correspondingly diverges, as it must for unstable
systems with right-half-plane poles.

VI. CONCLUSION

In this paper, we propose an averaged dynamic model of
the 3L-NPCI-based GFL-inverter that facilitates study of NP-
voltage dynamics and instability. We depart from the tradi-
tional space-vector perspectives and derive the system model
in state-space form in synchronous dgq reference frame. This
reveals its nonlinear and time-varying nature. We present a
block-schematic dg-domain equivalent circuit of the average
3L GFL-inverter model, delineating the 2L inverter control
model contained with it and the additional dynamics aris-
ing from switching the NP branch. We utilize this model
for feed-forward compensation of nonlinear and time-varying
terms, which facilitates feedback linearization of the plant for
controller design as well as improvement of injected grid-
current quality, both of which have been demonstrated. We also
demonstrate the influence of power and controller parameters
on NP stability and highlight how typical choices of filter
and control-bandwidth values can also lead to NP instability
rendering the 3L GFL-inverter inoperable. The proposed aver-
age model is compact, comprehensive, accurate, and has been
validated through a suite of case-study comparisons with a
full-order switched-model simulation in MATLAB®Simulink.
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