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Abstract—This paper develops a hybrid system modeling
framework for inverters that switch between grid-following and
grid-forming control schemes. In particular, such inverters are
modeled as hybrid automata with guard conditions on voltage
and frequency, and reset maps that maintain consistent phase,
frequency, and droop references during mode transitions. The
hybrid model is embedded within an extended Kalman filter
to assess estimation performance under explicit mode switching.
Results show that the proposed framework ensures stable, well-
behaved dynamics and improves state estimation, especially near
switching instants, compared with smooth continuous models.

Index Terms—Grid following, grid forming, hybrid automaton,
hybrid system, inverter-based resource, dynamic state estimation.

I. INTRODUCTION

Hybrid dynamics—emerging from systems that exhibit both
continuous and discrete behaviors are ubiquitous in power
grids. Examples include dynamics involving switching events
triggered by on-load tap changers, protection relays, and load
shedding schemes [, [2]].

Still, continuous-time ordinary differential-algebraic models
are widely used to analyze the dynamic performance of power
grids [3]]. Generators are modeled by differential equations
whose structure and parameters remain constant over time, and
the network interconnecting them is represented by algebraic
equations. Hence, switching events such as those mentioned
earlier are conveniently represented by adjusting admittance
values in the algebraic equations. Analyses are then separated
into pre-fault, fault-on, and post-fault network conditions.

However, the dynamics of inverter-based resources (IBRs)
can introduce structural changes to the differential equations
describing generators [4]. For example, the overcurrent limiter
mechanism, when activated, modifies the inverter’s control
scheme. Once engaged, the current-control loop saturates, and
the terminal voltage follows an alternative regulation path [5]].
Another example is switching reactive power control modes
based on grid operating conditions, commonly used by utility-
scale photovoltaic plants [6].

Indeed, the rise of IBRs exacerbates hybrid dynamics and
prompts questions about the parsimony of continuous-time
models that approximate switching by interpolating between
control laws, enforcing artificial smoothness on fundamentally
discontinuous dynamics [7|]. This mismatch can lead to mis-
leading conclusions about the system dynamics and stability
[8]. As IBR control schemes rapidly evolve, these challenges
are becoming increasingly critical.
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First-generation IBRs draw power into the grid at a unity
power factor and seldom provide grid services, such as voltage
regulation [9]]. These IBRs, known as grid-following inverters
(GFLs), synchronize with the grid via a phase lock loop (PLL).
GFLs are reliable and commonly employed, but they require
a minimum system strength e.g., a weighted short-circuit ratio
of at least 1.5 [[10] for the PLL to synchronize and maintain
synchronism with the grid; otherwise, GFLs can compromise
system stability. Conversely, grid-forming inverters (GFMs)
synchronize with the grid using droop control and can help
regulate voltage and frequency. GFMs are now becoming a
reality [11]]; they can provide grid services, thereby offering
essential support during faults and even black-start conditions.

Although GFLs and GFMs share structural similarities and
can even be considered duals, they excel under different grid
conditions [[12]]. GFLs function well when the system is strong,
but may lose synchronism otherwise. On the other hand, GFMs
can enhance stability when the system is weak, but may cause
unwanted oscillations when the system is strong [[13[]. Indeed,
regulatory agencies [14] recognize this trade-off and require
IBRs to remain connected to provide support during faults.
It is possible to combine the complementary characteristics
of GFLs and GFMs into a single control system [15], or
to switch between control modes depending on the system’s
operating conditions. For example, [|16] describes a switching
method that manages the different outer control loops of
GFLs and GFMs and ensures control setpoints are adjusted to
maintain consistent operating points during transitions. This
paper develops a hybrid system formulation for such inverters
that switch between GFL and GFM control schemes.

We show that explicitly representing hybrid dynamics is
both feasible and of paramount importance for dynamic
state estimation, particularly in a decentralized setting [17]].
To assess the analytical and estimation implications of this
comprehensive modeling approach, the hybrid system is em-
bedded within an extended Kalman filter (EKF) [[18] that
propagates uncertainty through each mode transition using
the saltation matrix [[19]]. This paper is the first to propose a
hybrid system formulation for dynamic state estimation. The
proposed estimator is engineered for bulk power systems with
many converters, in which the converters and their switching
mechanisms influence the dynamics at the grid—converter
interface. As is prevailing in dynamic state estimation within
bulk power systems [20]], this methodology is fundamentally
decentralized. Consequently, it offers scalability and is com-
patible with extant hierarchical-decentralized dynamic-state
estimation frameworks [17], [21f]. Our estimator specifically
mitigates local switching-induced estimation errors, preventing
their dissemination through aggregation layers and thereby
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Fig. 1: Inverter switching between GFL and GFM controls.

preserving system-level monitoring accuracy.

The paper proceeds as follows. Section II briefly introduces
the continuous-time model of GFLs and GFMs. Section III
develops the hybrid system formulation and derives an EKF-
based, dynamic state estimator for hybrid systems. Section IV
presents numerical results, and Section V concludes the paper.

II. PRELIMINARIES

The modeling in this section follows the continuous-time
approach commonly used in the literature [22]. Consider an
inverter that switches between GFL and GFM control modes
(Fig. [T) depending on grid operating conditions. We start by
noting that the modeling of the filter and the inner loop is the
same for GFLs and GFMs, as given by:

Ya = ki (i = ia)
L e (jref _ g Inner
Yq Zc (;1ef a) . loop
. ) va =k (1" —ia) +va +wlyig
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where ¥4 (¥,) indicates the direct (quadrature) component of
a variable ¢, zref and ! are setpoints from outer controllers;
kp (kf) is the proport10nal (integral) gain of a PI controller in
the inner loop; wy, is the base frequency; and the instantaneous
frequency w equals # (#P') when the inverter operates as GFM
(GFL). The other variables are explicit in Fig. [I]

When the inverter operates as a GFL, a synchronous refer-
ence frame PLL estimates the grid angle, 6P, and frequency,
w = P, thereby defining the dgq frame. Using synchronized
quantities, instantaneous real and reactive power (p,q) are
low-pass filtered t0 (pm,qm) and compared with setpoints

(p™, ¢™°") to generate current commands (%", it"). Formally,
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where kP and kP (kY H'and k}) are the proportional (integral)
gains of a PI controller in the PLL and outer loop, respectlvely.
The state vector Xga = [Va Vg 4a ig n°" 0PV 0, 04]7, and the
input vector ugg = [p*! ¢rf]T

When the inverter operates as a GFM, droop control elimi-
nates the need for explicit synchronization, such as with a PLL,
because it provides an inherent synchronization mechanism. It
computes w and v"! from (Pm., gm) and defines the reference

angle 6. The voltage control loop regulates v*f to yield current

commands (i, gef) Formally,
fcommon
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where k) (k}') denotes the proportional (integral) gain of the PI
controller in the voltage control loop, and m,, and n,, are droop
control coefficients. The state vector Xgp, = [fyd Yq td tq 0 &g
¢,]", and the input vector ugp, = [p* ¢**!|". Note that [2)
and (@) are different in structure, and dim(xgq) 7# dim(Xgfm).

Next, using (I)—(3), we develop a hybrid dynamical system
formulation for the inverter in Fig. [T}

III. HYBRID SYSTEM AND DYNAMIC STATE ESTIMATION

Let a hybrid automaton H := (Q, X, F, Init, Inv, G, R). The
set Q contains the inverter’s discrete modes of operation. The
states in (2)—(3) are in the set X C R™. The flow set F defines
the continuous dynamics associated with each discrete mode
q € Q. The initial set Init C Q x X specifies the admissible
initial conditions. The invariant set Inv(q) defines the space
where the system’s continuous state is allowed to evolve while
it stays in a mode g. The set G defines the guard conditions
for mode transition. Finally, the reset map R specifies how
the system states and control parameters are updated at the
switching instant. Formally,

Q= {Qgﬂa ngm}

X = {Xgfl; Xgfm }

Xt = fon (Xgtt, Ugnt)
Xgfm = fgfm (Xgfm, Ugtm)
Init = {ggn} ¥ {xgn}

Inv(gen) = { [v8"] € v A |Aw| € win }

G(Qgﬂ7ngm) ={ |Ugrid| ¢ ven V |Aw| ¢ win }
R(q1,¢2, %) = {Xgfm : QQfm =6, w;}m =w’,
Po=p¢,q0=qq5, ", {1}

R(q2, q1,Xgim) = {Xgn : 0 e =07,

if ¢ = qgn
if q = (Ggfm

F =

ﬂ—w ~}

(4)

where A x B indicates the cross product of the elements in the
sets A and B; vy, and wyy, are predefined thresholds; A (resp.,
V) denotes the logical and (resp., logical or), and -~ (-T)
denotes a quantity immediately before (after) the switch—or
Jjump, in hybrid system terminology. For instance, consider a
representative operating scenario in which the inverter in Fig.[T|
switches from GFL to GFM when grid conditions depart from
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Fig. 2: Hybrid automaton model.

normal operating ranges. Specifically, the switch occurs when
the grid voltage magnitude |vgyiq| falls outside an admissible
band, vy, or the frequency deviation |Aw| exceeds a tolerance
range, wyp,. Such events typically arise during low-voltage ride-
through or weak-grid conditions, prompting the inverter to
enter GFM mode to support voltage and frequency. Just before
the switch instant, ¢, we sample
0 ="Mt ps =gy +ug iy
w™ = wP(t]) qs =g iy — vy iy )
Furthermore, we design the reset maps in to capture the
interaction between the GFL and GFM control schemes and to
maintain consistent dynamic behavior at the switching instant.
Specifically, for the transition from ggq t0 ggfm, We consider:
P—w droop bias: The PLL-derived estimates of frequency
and phase are transferred at the switching instant, such that
w;'fm = w™ and 6} = #~. The corresponding droop bias is

gfm
then recomputed and substituted into for t = tf,

wo — W
Pg=ps— —— (6)
myp

Q-V droop bias: For a bumpless transfer, v is set equal to

the grid voltage magnitude immediately before the switching,
|v&id| = The reactive power droop bias is then recomputed
and substituted into (3) for ¢ = ¢,
_,,grid|—
i =g - 20 @)
Ng
Current-limit through threshold virtual impedance: The
instantaneous output current magnitude ¢, is evaluated. Fol-
lowing [5], a linear activation function ¢ is defined to scale the
virtual impedance between the threshold iy, and the maximum
current i,,x. The effective filter parameters are then updated
as 1T = (ry +rg)ry and (T = ({5 + £4)ly;, where

0 is < ith
is — itn . . .
1,[1 = 37 tth < s < lmax (8)
tmax — 'th
1 iS Z imax
is = 1/ (i;)? + (iq )2, and 7y; (£y;i) denotes virtual resistance
(inductance).

On the other hand, the reverse transition from ggpy to
ggn 1s triggered when the grid voltage magnitude remains
within the admissible band vy, for a dwell time exceeding a
prescribed threshold Ti,14. This dwell-time condition prevents
the system from immediately reverting to GFL following brief
voltage recoveries. Further, there is no change in how the
state variables are updated, and the phase-angle continuity is
preserved across the switching instant.

We are now in the position to derive a dynamic state
estimator for the hybrid system (@).
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A. Hybrid extended Kalman filter (EKF)

Having established the hybrid system representation for the
inverter in Fig. [l we now derive an EKF that is consistent
with (@), where the recursion follows with mode-dependent
dynamics and transitions q;_1 — qx. At each prediction step,

Xpjk—1 = fgp (Xp—1]k—1, We—1)

Pipo1=Fi1Pr 1 Fl + Qg )]
where a subscript k (resp., k — 1) indicates the current (resp.,
previous) prediction step; subscript ¢ indicates dependency on
a discrete mode ¢; f;, ,, therefore, denotes mode-dependent,
vector-valued, nonlinear functions at step k—1; F denotes the
state transition Jacobian; and P is the prediction covariance.
The prediction errors, w,, ,, are assumed to be independent
and identically distributed random processes following a nor-
mal distribution, with E[wg, ,w, ]=Qq,_,.

If x5, satisfies a guard condition g(x,u) = 0, a discrete

transition from mode g1 to g is triggered. At this transition,
the state estimate is updated according to a reset map, i.e.,

X—l€~_|lc—1 ~ Rgr_1,a0) (Xl;\k—l : (10)
To analyze how uncertainty evolves through a switching
surface, the notion of a linearized perturbation is introduced.
Let Xp—1 denote the nominal predicted trajectory, and
Xi|k—1 = Xp[k—1 + OXp|k—1 (11)
where 0xy,;,—1 represents an infinitesimal variation around the
nominal trajectory and captures how perturbations in the state
propagate through both the continuous and discrete dynamics.
This forms the basis for deriving the post-jump covariance. At
a reset event, the perturbation evolves according to a saltation
matrix, =, which governs how deviations are mapped across
a mode transition and is derived in the next section. Formally,
(12)
where the reset error vector, wg, is assumed zero-mean and
independent of 5x;‘k_1. By definition, the covariances before
and after the switching are given by:

- - - T
Pk\k—l = ]E[éxk\k—l((SXMk—l) ]
_ + T
P;:\k—l = ]E[éx;:\k—l(dxklk—l) ]
Substituting in follows:
Py = B[ (2h0xp,y + Wr)(Ekdxp,, + W) |
- - - \T1=T T
=g E[5Xk|k71(5xk|k71) ].:k + E[WRWR}
=5, P, B +Wr (14)
Given that E[dx, ,wg] = 0 and E[wrwg| = Wr, the
covariance update across the reset is

+ _= —
(5xk|k_1 =Ei (5xk|k_1 + WR

13)

Pijpo1 < ZPrp1 E + Wg. (15)
At each filtering (or correction) step,
K}, = P’f\k—lH; (HQkPklk—lHt—Irk + Eflk)il
Xijk = Xgp—1 + Ki (21 — g, (Xppr—1)) (16)

Py = (I - K Hg )P (I - KHg, )T + K2, K,

where h,, denotes a vector-valued, nonlinear measurement
function with Jacobian H,, ; K}, is the Kalman gain; z;, a
vector of sampled measurements, and X, is the measurement
noise covariance matrix. As in (T0)—(T3), if a correction step
triggers a guard condition, the posteriori state estimate Xy,
(resp., error covariance matrix Pp;) is updated with R(")
(resp., E).



B. The saltation matrix and guard conditions

Following [19], the saltation matrix
e N
(f;; B DxR f ) (ngwz)

9192 91
(Veue) fa
where DxR , denotes the Jacobian of the reset map from
mode ¢; to mode gs; fq_1 (f(;: ) denotes the flow map just before
(after) the jump, and g ., are the guard functions from mode
¢1 to mode go. Using , we now derive = for (@) when
the inverter switches from GFL to GFM. The Jacobian of the
reset map in (@) is given by

ORgn

=)
—

=D\R, , + (17)

9192

aRgﬂ

Is  Ogx7
- — Xgfl Xgfm —_
DXR(X )— 8Rifxn a}%’gfm - |:0 S (18)
ol %6 Srx7

I (resp., 0) is an identity (resp., a zero) matrix of appropriate
dimensions, S = I; — eggfmeggfm = diag(1,1,1,1,1,1,0),
and the canonical basis vector eg,,, =[0000001]". For a

voltage guard g, (x) = |Vgria| — va with [v&"d| = /02 + 2,
)

— Wth with Aw =

Vgo(x7) = [06 ‘Ugvidd‘— |U:7qd|— 05

For a frequency guard g, (x) = |Aw
ow

w(Xgh) — Wo, .
Vg,(x7) = {3‘% . 07]
g

The resulting saltation matrix is of the form:

—_ T T
== [113 + (e¢gfme¢p11 - e¢gfme¢gfm):|

(20)

DxR';lQQ

+ 1 { — fon (X0, Ugn) }
« fgfm(ngmv Ugfm (Pg, qo+)7 7“+, £+)

£, —DxRayan
’ [vxgﬂg(x)T ngfm g(X)T}
(Vg;wz )T

where o = (ng_lqz)T £

Note that the main difference between the continuous [18]
and hybrid EKF formulations occurs when a guard condition
is triggered; specifically, how, in that case, a state estimate and
covariance are updated during a prediction or correction step.
Remark 1: A continuous formulation could, in theory, be used
to approximate the switching logic with a smooth convex

ey

interpolation between GFL and GFM dynamics, as follows:
feort(x) = U(vgrid) fon(x) + (1 — a(vgrid)) form(x)  (22)

where o(v819) = (1 4 exp[—k(v&d — Vth)])fl is a logistic
weighting function, and k is a gain parameter that controls
the sharpness of the transition. In the next section, we note
that this approximation using a continuous formulation yields
lower estimation accuracy than the hybrid formulation. O

TABLE I: Parameters of the hybrid GFL-GFM inverter model

Parameter  Description Value

Ty Filter resistance 1.89 pu

Ly Filter inductance 0.02 pu

rg Grid resistance (SCR = 5) 0.02 pu

Ly Grid inductance (SCR = 5) 0.01 pu

kg”, kf“ PLL proportional and integral gains 0.02, 0.10
kpd PLL damping gain 0.10

kzi,, k; Current controller gains 1.2, 40

myp Active power droop coefficient 0.02

ng Reactive power droop coefficient 0.012

V0 Nominal voltage reference 1.00 pu

Twis Lvi Virtual impedance 0.05, 0.05 pu
Tths fmax Current thresholds 0.40, 1.20 pu
Vth Voltage threshold for mode transition  0.90 pu

Awygp Frequency deviation threshold 27 x 0.05 rad/s
wo Nominal angular frequency 27 x 30 rad/s

IV. NUMERICAL RESULTS

The simulation setup consists of a single inverter connected
to a grid, as shown in Fig. I} with mode transitions illustrated
in Fig. 2] The parameters for the results in this section
are presented in Table [l Figs. [3a] and [3b] show the voltage
and current trajectories of the hybrid inverter model in (4),
including zoomed-in views around the switching instant. Each
figure displays three trajectories: the system simulated under
GFL and GFM dynamics only, and the hybrid trajectory from
). When the guard conditions are satisfied, the voltage and
current governed by the GFL dynamics only oscillates, while
the hybrid system transitions to GFM control and maintains
stable behavior. Fig. shows the same transition without
applying the reset map, where a noticeable surge appears in
the current at the switching instant. This demonstrates that the
reset map preserves stable trajectories during mode transitions
and prevents inconsistent state initialization and overcurrent in
the GFM mode.

Figs. present the EKF estimation results for the hy-
brid inverter model during transitions between GFL and GFM
modes in both directions. These plots compare the hybrid

PCC Voltage (pu)
Converter Current (pu)

[+ GFL ——Hybrid - - ~GFM]

-
=]
19
-
-
=)

®)

0.38 0.4 0.42 0.46

t(s)
(a) Hybrid voltage

0.44

(b) Hybrid current

(c) Without reset maps

Fig. 3: Comparison of hybrid model formulations for GFM and GFL modes with and without reset maps.
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TABLE II: RMSE comparison for extended Kalman filter state estimation using hybrid and continuous underlying models, for

near-switch and overall periods

Near-switch RMSE

Overall RMSE

Underlying model 14

iq V4 Vg Td iq Vg Vg
Hybrid system model 5.6x10~3 54x107°  230x10~%  343x10 % [ 213x10°% 287x10° % 270x10~ % 7.81x10" %
Continuous-time model ~ 7.40x1072  569x10™* 275x1072 235x1072 | 517x10"% 6.60x10~% 227x1072 2.07x10~2
1.1
1100 '
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= \ ) |=-—-Hybrid = = i : n
09 ‘ - ‘ — — Continuous 0.000 : 0,000 \\l\\,—\ N . |1 :’ L
0 0.05 0.1 0.15 02 ¢ o 0.05 0.1 0.15 0.2
0.1 .
" | 0.05 ] 0.002 B
— X 4 = oo 1 = N
2 oesereres 2 AT EIY E 1y
- N\ e 3 P s @ 0.001f1, -
= Pad] \ ,I \ I/ s ' Yy Y l,’ \" ‘o S |'I| 1 I“‘
N \, - Y Sl {. N
0.1 : | : ; 0] SRR ToN S 0.000 AN, Wh g
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0 0 0.05 0.1 0.15 0.2
Time (s) Time (s) Time (s)

(a) Voltage variations.

(b) Absolute voltage error.

(c) Absolute current error.

Fig. 4: Comparison of voltage and current responses for hybrid and continuous models, showing voltage variations, voltage

errors, and current errors.

EKF with an EKF based on the continuous approximation
discussed in Remark 1. The smoothed model exhibits large
transient deviations during switching events because it cannot
faithfully represent switching actions. Table II summarizes the
root-mean-square error (RMSE) between estimated and true
state values evaluated over the whole trajectory and in a near-
switching window. The larger RMSE of the continuous model
is consistent with its innovation statistics computed from (I6);
that is, the normalized innovation squared, which tests the
match between predicted covariance and observed innovations
and remains within the 95% X7 band for about 95% of samples
under the hybrid EKF, but only 25-31% for the continuous
approximation. This inconsistency reflects the underestimation
of uncertainty near mode transitions.

V. CONCLUSION

We developed a hybrid system framework for inverters that
switch between GFL and GFM control schemes, with reset
maps that maintain phase, frequency, and droop continuity
during mode transitions. When integrated with an EKF, the
hybrid model improved estimation accuracy and reduced bias
near mode transitions compared to continuous, smoothed mod-
els. When deployed at scale in inverter-dominated systems,
additional practical considerations arise, including communi-
cation requirements, coordination among decentralized estima-
tors, and maintaining estimation consistency during multiple
simultaneous switching events. Future work will expand to
multiple parallel inverters with large-scale switching events at
the point of interconnection with the grid and will examine
the reachability of the hybrid system.
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