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Abstract— Grid-tied voltage source inverters (VSIs) play the
role of a controlled power interface between different power
production units and the ac grid. Instead of the usual cascade
control scheme of a VSI with current proportional-integral
(PI) inner-loops and voltage or even power PI outer-loops, a
direct power control (DPC) scheme is considered. DPC is imple-
mented through one stage Pl-type controllers that directly
regulate the active and reactive power flow. The process does
not require a synchronization mechanism, known as phase-
locked loop (PLL) but clearly introduces a zero open-loop
pole. In the paper, the proposed control scheme realizes PI-
type direct active and reactive power regulators, stabilized on
the left of the imaginary axis by introducing suitable damping
terms. Since this has a clear impact in steady-state error, an
appropriate mechanism is proposed which allows the damping
term action exclusively during the transient period. Another
design innovation introduced by the proposed controller is its
robustness against ac voltage variations and system parameters
since it does not include the conventionally used decoupling
terms. The full nonlinear plant and control scheme is extensively
analyzed for its stability and convergence characteristics by
applying a rigorous Lyapunov based methodology. Further
evaluation of the proposed approach is finally provided by
suitable simulations.

I. INTRODUCTION

Modern power grids are effectively shifting towards a de-
centralized structure and manner of operation, following the
large-scale penetration of mostly geographically dispersed
renewable energy sources (RES) [1]. In this process, power
converters play a major role in interfacing distributed gener-
ation (DG) to the main grid, by offering a wide array of local
control capabilities, such as independently regulated active
and reactive power transfer and grid-supporting ancillary ser-
vices. Especially, three-phase voltage source inverters (VSI)
currently hold a dominant place among DG configurations
in the present grid paradigm, given their direct contribution
to the overall system operation [2].

In this frame, significant research effort is now being
directed to developing reliable and efficient control schemes
in order to establish seamless active and reactive power
flow exchange through grid-tied VSIs, regardless of any
disturbances introduced by the interfaced DG sources or
by the grid itself. Conventional control schemes aiming to
achieve this task are mainly based on the well-known Park
transformation, which provides dc quantities of three-phase
sinusoidal signals in the synchronously rotating reference
frame and therefore facilitates the design of appropriate
control schemes, such as the ones established upon the vector
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current control (VCC) notion [3]. In this kind of implemen-
tations, typically proportional-integral (PI)-based cascaded
schemes are deployed, in which fast inner-loop regulators
are driven by slower outer-loop voltage or power controllers.
Note, however, that this process requires a synchronization
mechanism known as phase-locked loop (PLL) in order to
obtain the grid voltage frequency and phase [4].

Hence, in grid-tied VSI configurations featuring VCC-
based schemes, a PLL mechanism is standardly employed
without much consideration, especially when the grid con-
nection is characterized as a stiff one. Nevertheless, recent
studies have suggested that PLL dynamics can have a sig-
nificant impact on a wider system scale [5]. In particular,
the fast action of these control loops can interact with both
the grid electromagnetic transients and the electromechanical
dynamics of other components in the grid i.e., synchronous
generators, potentially leading to instability phenomena [6].
Moreover, the PLL dynamic action has been also identified as
a contributing factor in affecting the VSI terminal frequency
[7], a fact that gains particular significance when considering
the wide VSI-based DG integration in modern power grids.
Therefore, more advanced approaches have proposed the
deployment of alternative designs for such configurations that
do not require PLL mechanisms [8].

An interesting method in this direction is based on the
notion of voltage-modulated direct power control (VM-DPC)
according to which, both current and voltage quantities are
transformed in the stationary of-reference frame and sub-
sequently an equivalent active and reactive power dynamic
model is obtained. The active and reactive power transfer
to the grid is then directly and independently regulated via
simple PI-kind compensators, achieving adequate steady-
state performance [9]. Although this approach presents sev-
eral advantages over their counterpart techniques in DPC
design, such as passivity-based [10] or model-predictive
implementations [11], it still suffers from considerable draw-
backs. Specifically, most of the proposed designs are mainly
concerned in achieving high degrees of steady-state perfor-
mance, with minimal consideration for the transient dynamic
response of the system. In addition, most studies in this
context usually neglect the dc-side dynamics by assuming
a constant voltage source applied to the VSI, and thus
omitting quite impactful dynamic interactions. Moreover, it
is quite often to include feedforward decoupling and other
voltage cancellation terms, which are strongly dependent on
the system parameters and grid voltage stiffness. Finally,
investigations of stability properties in these cases are mostly
based on a linearized version of the system, which hold true
only around a specific operating point [8].



Having this in mind, a novel VM-DPC-based control
scheme for the case of a grid-tied VSI is presented in
this work, that introduces substantial advantages on sev-
eral aspects. In particular, one of the main aims of the
proposed design is to enhance the VSI dynamic behavior
by incorporating an innovative integral damping mechanism
in its structure, which enables faster and smoother power
response. This mechanism is specifically designed so as
to act only during transient dynamic periods, i.e. during
disturbances, and not to affect the steady-state operation of
the VSI. Furthermore, the presented control scheme is based
on the complete model of the grid-tied VSI configuration
and takes into account the dc-side voltage dynamics as well.
Considering this, a novel way of directly providing the duty-
ratio input signals to the power inverter is also employed
by avoiding a problematic division by the dc voltage state
variable. Moreover, this design is entirely independent from
system parameters and thus, it serves for another main goal;
to establish robustness in variations in system character-
istics and to achieve wide applicability to a wide array
of such implementations. The resulting closed-loop system
comprising the direct power control loops is also rigorously
analyzed for its stability and state convergence properties
by employing advanced nonlinear analysis tools, while the
enhanced and stable behavior of the examined system is
verified by conducting through simulation procedures.

II. CONTROLLED SYSTEM DESCRIPTION
A. DPC-based Modeling of Grid-connected VSI

The considered grid-tied VSI layout is presented in the
single-line diagram of Fig. 1, wherein the three-phase in-
verter is connected to an infinite bus through an RL filter.
On the dc-side of the VSI, a dc-current source is employed
to represent any strongly output regulated DG unit interfaced
by the inverter [4].

By adopting the stationary of3-reference frame, as well as
the mean-value model for the action of the VSI switching
elements, the open-loop dynamic model that describes the
grid-tied configuration is obtained as

Lly = —RIy 4 uoVige — Va (1)
ng = —RIg+ugVy. — V3 2)
Vae
R,

where the system states I, and Ig represent the o- and (3-
components of the three-phase grid-side currents ;. in the
considered stationary reference frame, while V. represents
the dc-side voltage dynamics of the VSI. The external,
uncontrolled inputs of the formulation are provided as V,, ,V3
and I, with the first two inputs expressing the infinite bus
voltage magnitude in the stationary of3-reference frame, while
the latter term describes the dc-side current that is being
provided by an arbitrary DG source. The controlled inputs
of the system, namely the VSI duty-ratio signals, are defined
as Uq = Va,inv/Vae and ug = V3 iny/Vae, respectively,
with Vi iny and Vg, being the o- and [-axis voltage
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Fig. 1. Scheme of grid-connected VSI.

components of the three-phase VSI output voltage quantity
Vabe,inw- Finally, on the dc-side of the layout, the considered
capacitor features a parallel parasitic resistance, typically of
great ohmic value, represented by R, whereas on the ac-
side, the filter resistance and impedance are described by R
and L.

Since, the three-phase inverter is connected to a stiff grid,
the voltage of the infinite bus can be adopted in the same
stationary reference frame as [12]:

Vo = Vasin (wst), Vg = —Vgcos (wst) 4

where w; is defined as the grids’ angular frequency, Vg =
V2 VB2 represents the grid voltage magnitude, and V3,

represent the corresponding o- and (- components of a
symmetric three-phase terminal grid voltage V,;.. Having
defined both voltage and current dynamics in the considered
reference frame, the instantaneous fundamental real and
reactive power components being provided to the grid by
the VSI can then be obtained as well, in the following form:

P =(3/2)(Vala +Vslp), Q= (3/2)(Vsla — Vals) (5)

Considering (1)-(3) and (4) and by differentiating P, ) of
(5) with respect to time, while also defining the controlled
duty-ratio input signals as

up | | Vo V3 Ug
[“Q]_{Vﬂ —VaH“B} ©

the open-loop system of (1)-(3) can be restated in the
following form

(2/3) LP = = (2/3) RP — (2/3) ws LQ + upVae — V& (7)
(2/3)LQ = (2/3)wsLP — (2/3) RQ + ugVae  (8)
VECVye = —upP —ugQ — VaV4e/Rs + VEI,  (9)

In this formulation the duty-ratio signals up and ug are
equivalent to the ones obtained by adopting the well-known



synchronously dg-rotating frame approach, i.e. up=uy4 and
ugQ=uq. Noteworthy, a PLL. mechanism is not required for
this transformation, however, in order to obtain the resulting
three-phase modulation signals, an inverse transformation has
to be performed, by first obtaining the of-reference frame
quantities and then transforming them back into the abc-
reference frame system, as displayed in Fig. 1.

B. DPC-based Design with Dynamic Integral Damping

Generic grid-tied control schemes based on the VM-DPC
principle have been proven to benefit from the absence of
PLL mechanisms [8], by avoiding adverse dynamic inter-
actions and therefore by displaying enhanced performance
compared to other VCC-based implementations. Neverthe-
less, the conventional procedure of designing such formula-
tions involves the employment of feed-forward decoupling
and other cancellation terms, as displayed in Fig. 2.

Fig. 2. Conventional DPC block diagram.
Although, this approach leads to a simpler and easier

to handle closed-loop system, it also creates a strong de-
pendence of the controllers from systems parameters. In
addition, when the dc-side dynamics are also included in
the model formulation, the controlled duty-ratio input signals
have to be divided by a state variable, namely the Vi,
and thus several implications emerge regarding possible
instability phenomena in transient conditions, as well as
higher harmonic in the controlled states.

Thus, in order to independently and efficiently control
the VSI output active and reactive power, a novel model-
based control scheme has been developed, which effectively
withdraws all of the aforementioned drawbacks. In particular,
the proposed design comprises a pair of Pl-type power
regulators, incorporating also an additional damping-like
term in their formulation as

up = — pP(P—P*)—kipr (10)

where

Zp=P— P — ki (€p) Zp (11)

and the corresponding regulator for the reactive power flow-
ing to the grid as

ug = —kpq (Q — Q") — kigZq (12)

with ) -
Zqg=0Q - Q" —kiy (&) Zg (13)

It can be easily observed that (11) and (13) represent the

integral terms of the active and reactive power PI controllers

of (10) and (12). In general, the inclusion of extra damping-
like terms, as those introduced in (11) and (13), in the integral
part of the regulator is expected to enhance the dynamic
behavior of the controlled system. As it has been established
by similar leaky-integrator PI-based implementations [12],
this is achieved by increasing its dissipative characteristics.

Our intention is to insert a variable gain in both (11) and
(13), which however should converge to zero as ¢ — oo. An
obvious choice would be to define the terms k;; (£p) and
kig (€o) as a function of the deviation between active power
and reactive power, with their references, i.e. (P — P*) and
(Q — Q*), which correspond to Zp and ZQ, respectively.
In this case, both these damping-like terms should zero-out
over time, establishing a vanishing dissipation, however it is
not guaranteed that they would keep at all times a positive
value; in fact if these terms obtain a negative value at some
point during a transient period, they would actually reduce
the damping properties of the system. To this end, we simply
define k. (£,) = ki Z2, where r = f,g and s = P,Q,
aiming to preserve a non-negative, and of higher impact
dissipation through these terms.

Another interesting aspect of the proposed control design
is that it does not incorporate any decoupling terms, as it is
typically done with implementations represented by Fig. 2.
In this manner the proposed regulators have no dependence
from the system parameters, as it can be clearly observed
in the control block diagram of Fig. 3. As an immediate
result, this scheme offers extended applicability to a wide
array of grid-tied VSI configurations, by not being affected
by filter parameter variations or grid voltage disturbances.
Furthermore, the duty-ratio signals are directly provided to
the VSI and thus, the potentially problematic division by
the dc-link voltage, namely Vj., is avoided. Of course, the
benefit of the latter novelty extends also to the quality of the
controlled inputs, which feature less harmonic distortion.

Fig. 3.

Since the complete VSI model is considered in the scope
of this work, the dc-link voltage dynamics play a key role to
the overall performance of the system as well. In particular,
the reference of the active power fed to the grid by the VSI is
determined by the product of the V. voltage magnitude and
the dc current being provided by the interfaced RES, which
is considered strongly regulated in this case. Hence, it is

Proposed control block diagram.



typically desired to control the dc-side voltage to a specific
value, as a means to regulate the actual active power injection
to the grid. This is achieved by introducing an outer-loop
voltage controller of simple Pl-type as

P* = kpac (Vac — Vi) + Kide / (Vae = Vge)dr - (14)
with V' being a desired positive dc-voltage reference value.

III. STABILITY ANALYSIS

Having in mind the structure of the regulators introduced
in (10) and (12), it is crucial to establish strong stability
conditions for the controlled VSI system. This is mainly
because the actual dynamic integral damping introduced via
(11) and (13) is only accomplished through the convergence
of all system states to equilibrium. In this frame, a detailed
nonlinear stability analysis is considered, that guarantees this
dynamic action is only limited through transients periods and
does not cause any offset in power regulation.

In order to proceed with the stability evaluation of the
closed-loop system, and by also considering the time-
separation principle applied in cascaded control loops [3],
the faster and of high dynamic impact inner-loop active and
reactive power controllers of (10)-(13) are incorporated into
the VSI plant of (7)-(9):
ZLP:—gRP—ngLQ—kudeC—Epp (P—P*) —kipZp—V
3 3 3 (15)

%LQ%WSLP%RQWQ%C—@Q Q—Q"—kigZg (16)
VECV ae=—upP—uqQ—=VEVae/Ro+VE [s—c/R) (17)
kipZp = kip (P — P*) — kipkis 2% Zp (18)
kioZq = kiq (Q — Q) — kigki Z4 Zq (19)
with the state vector being mT:PDQ Vdc Zp Zq |, where it

is defined: \7dc = V4o — ¢, with scalar ¢ > 0 adopted as in
[4]. In this formulation, the following gains are considered
positive ones and are provided as: kgo = kgec, for d = P,
ande= P, Q .

Considering the strongly nonlinear structure of the closed-
loop system of (15)-(19), the conducted analysis adopts
a highly effective framework based on the input-to-state
stability (ISS) notion [13], which is capable of handling the
investigation of such systems to its full extend. To this end,
consider the autonomous system formulation

&= f(z(t),u(t)

where f: R"™ x R™ — R” is piecewise continuous in ¢ and
locally Lipschitz in x and w, with the input u (¢) being a
piecewise constant, continuous, bounded function of ¢ for all
t > 0. Also, consider the unforced version of the system (20),
where any external input through vector u is diminished:

&= f(z,0) 2y

At this point the following results are recalled [14], stating
the sufficient conditions for a system of the previous form
to feature the ISS property:

(20)

Lemma 1. Suppose system (20) is continuously differentiable
and globally Lipschitz in © and u, uniformly in t. If the
unforced system of (21) has a globally exponentially stable
equilibrium point at the origin, then the system © = f (x,0)
is ISS.

Having in mind this, a straightforward manner of estab-
lishing the ISS property of the complete closed-loop system
is to investigate and determine that the origin of (20) is
exponentially stable. In order to derive to this conclusion,
the following Theorem is also recalled from [14]

Theorem 1. Let * = 0 be an equilibrium point of (21)
and there exist a continuously differentiable function V and
non-decreasing functions 0; € Ko, 0; : R>g — R,
for i = 1,2,3, such that for all (t,z) € Rs¢ x R",
& (lz)” < V(t,x) < d2(||lz)” , with time derivative
V (t,x) < =05 (||z]))", then the origin x = 0 is globally
exponentially stable (GES).

Now, consider the following positive definite Lyapunov
function for the closed-loop system of (15)-(19)

1

H= 5g:TM:c. (22)
where M:diag{%L, %L, VC%C, kip, l;:iQ} .
The time derivative of (22) can then be derived as
H=—2"Dz+ 2" u. (23)

with matrix D being a positive semi-definite matrix in this
case, provided by
D = diag { (R + kpp) . (R +kpg) , (VE/Rs)
Ripkis 2 Fiokiy 2 }
and the external input vector is considered as

u'=[(kppP*=V3) kpoQ* V& (Is—c/Ry)
—kipP* — kigQ* ] .

Note that the structure of D is not the typical one, in the
sense that the last two diagonal terms are expected to reach
zero value in steady-state and therefore, the damping matrix
D cannot be strictly defined as a positive definite one, as
implied by the conditions of Theorem 1. Nevertheless, these
terms also remain nonzero and positive very close to the
origin, meaning that the results of Theorem 1 can be adopted
as long as Zp # 0 and ZQ # 0 (covering the whole R®
domain, up to a infinitely small region close to the origin).
Hence, in order to fully investigate the stability properties
of the controlled system, two cases are considered, namely
the first one being with Zp # 0, ZQ # 0 and secondly, by
assuming Zp = Zg = 0.

To proceed with the analysis, the autonomous version
(15)-(19) is obtained by setting the external input vector
to zero, i.e. u = 0, which implies P* = Q* = V2 = 0
and Iy = ¢/R;. Then, by taking into account the first case
(positive definite matrix D), the selected Lyapunov function
H satisfies the following conditions

pi|z)* < H < pa ||z (24)



with p1 = min %Lf, %VGQC’ L1k.p, %le}
pr = maz {3Ly,5VEC, 3kip, 3hi }
and ) )
H < —ps|z|

with p3 = min {(R+kpp), (R+kpq) , (VE/R,)||
Fipki 72, EiQkingg}.

It is clearly observed, that (24) and (25) indicate that
for v = 2 and for almost all z € R?, all the conditions
of Theorem 1 are met, and since the (practical) origin of
the unforced system is GES, then the ISS property can
be established through Lemma 1 for the complete, forced
closed-loop system. This property can be further utilized to
derive useful results regarding the convergence of system
states to nonzero equilibria, as it was recently proven, by
considering Theorem 6 from [15]. This practically means that
all states would eventually reach a nonzero equilibrium over
time and consequently, it would hold that Zp = ZQ = 0.

In this case, the structure of matrix D no longer contains
the last two integral damping terms and the stability close
to the actual origin can be investigated through the local-
ISS (I-ISS) notion. Specifically, by considering Lemma 1
and Theorem 1 as presented in [16], it is possible to con-
clude asymptotic stability inside this infinitely small region
containing the origin, through LaSalle’s (local) invariance
principle and then establish the 1-ISS property. Moreover, by
also recalling Theorem 2 in [16], state convergence is also
guaranteed. Therefore, by taking into account all possible
cases, it is concluded that under the assumption of bounded
and piecewise constant external input action, all system states
converge exponentially to a set in R®, but when they reach
that equilibrium they hold asymptotic stability properties in
the 1-ISS sense. On the other hand, every disturbance that
leads to another nonzero equilibrium would trigger Zp #0
and ZQ # 0 and then the system states would approach
globally and exponentially to a different set.

(25)

IV. SIMULATION RESULTS

In order to investigate the enhanced dynamic behavior
that the proposed control design enables and to also validate
the stable behavior of the closed-loop system, a thorough
simulation procedure was conducted. In particular, the com-
plete controlled grid-tied VSI layout of Fig. 1 was modeled
in Matlab/Simulink environment and several scenarios were
considered. The results derived from the proposed control
implementation were also compared to the ones obtained
from simulating a typical DPC-based configuration, under
the same conditions. The system parameters were selected
as R =090, L = 33mH, C = 10mF, R, = 40k,
Ve = 325V (peak value), ws = 1007 /s and the switching
frequency for the VSI was set as fq, = 20kHz. For the
regulators, the following gains were considered: Epp =
/::pQ = 1.8 and k;p = l_eiQ = 70, whereas the damping
term gains were set as kry = krg = 4 - 107°. Finally, the
outer-loop dc-voltage controller gains as: kpq. = 300 and
kiqe = 20 - 103, whereas the dc-side voltage reference input
was set at VJ, = 1200V.

The first simulation scenario aims to investigate the con-
trolled system behavior under several abrupt external input
changes in the dc-side current, Is. Specifically, at time ¢; =
0.2s the uncontrolled input of I, takes the value of 4A from
its initial value of 2A, and at time ¢35 = 0.6s it reduced
to 1.8A, whereas at time t3 = 0.9s a change in the reactive
power reference is enforced, from QQ* = 0 that is set initially,
to Q* = 1000 Var.

The results presented in Fig. 4-6 reveal a quite satisfactory
and overall enhanced performance provided by the proposed
VM-DPC scheme. In particular, in Fig. 4, the active power
response of the VSI displays significantly lower overshoots
compared to the conventional DPC design, while it reaches
the corresponding equilibria faster than when the standard
method is implemented. The same holds true for the reactive
power response of Fig. 5, where it is also verified that the
proposed control design presents lower harmonic distortion
due to the direct provision of duty-ratio signals. Moreover,
a notable difference is observed in the dc-side voltage dy-
namics as well. Considering Fig. 6, the proposed regulators
have a distinctly beneficial impact on the regulation of the
dc-voltage, enhancing its dynamic profile in a remarkable
manner.
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However, another significant advantage introduce by the
novel integral damping control structure is that it is ef-
fectively independent of system parameters. In order to
better demonstrate this quality, the second scenario examines
the control system behavior under a variation of 15% in
the filter inductance, i.e. L = 3.8mH and also a sudden
grid disturbance. Specifically, the same dc-side input current
changes occur in this scenario as well, however at time
ts = 0.9s a grid voltage magnitude reduction of 20% is
applied. The superior performance of the proposed control
scheme is verified once again by observing the active power
response of Fig. 7, particularly during the dc-side current
disturbances. Nevertheless, the most impressive result is that
it retains the stable closed-loop system behavior even during
the major reduction in grid voltage. On the other hand, the
system parameter dependent implementations are susceptible
to this kind of disturbances and thus, they cannot guarantee
stable performance over a wide operating range or under
large disturbances.
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Fig. 7. Active power flow.

V. CONCLUSIONS

A novel VM-DPC design for grid-connected VSI con-
figurations is proposed in this work, which offers several
advantages compared to the standard PLL-less DPC schemes.
The proposed implementation introduces an integral damping
mechanism that significantly enhances the VSI performance
during disturbances, while a rigorous nonlinear analysis
is also employed to guarantee its stable operation over a
large operating range. Since, this design is also completely
independent from the system parameters and provides di-
rectly the duty-ratio input signals to the power inverter, it is
also suitable for applications where parameter variations or
external uncontrolled input large disturbances are of concern.
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