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Abstract—Cascaded inverters are widely applied in appli-
cations where elevated ac voltages are required while using
semiconductor devices with lower voltage ratings. Here, we focus
on structures that require localized power transfer between
low-voltage sources/loads dispersed across inverter dc links and
the inverter ac-sides are series-connected across a three-phase
medium-voltage ac grid. To date, decentralized controllers that
allow for bi-directional power transfer in such systems are
limited. To fill this gap, we propose a virtual oscillator controller
which modulates the power processed by each inverter in a purely
decentralized manner. The proposed controller uses only locally
measured current, provides communication-free synchronization
of the inverter modules, and enables control of power transfer
in both directions. Moreover, it is implemented purely in time
domain as opposed to phasor-domain based droop controllers.
Stability is analyzed and a design procedure for the oscillator
parameters is provided alongside relevant simulation and exper-
imental results for a system of five series-connected inverters.

I. INTRODUCTION

Growing demand for highly efficient medium-voltage (MV)
grid-connected converters has stimulated innovations in cas-
caded dc-ac converter topologies. Example applications in-
clude ultra-fast electric vehicle chargers and utility-scale so-
lar power plants [1]-[5]. Cascaded structures facilitate the
use of low-voltage devices, high voltage gain from dc-input
to ac-output side, improved power quality, and a modular
system that can accommodate distributed sources/loads on
the dc sides. Figure 1 shows such a MV system composed
of cascaded H-bridge inverters on the ac-side and isolated
bidirectional dc-dc converters on the dc side for interfacing
distributed sources or loads and providing isolated dc-links to
the downstream inverters.

Focusing on applications where the power processed by
each source/load needs to be controlled, existing methods
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Fig. 1. System where isolated bidirectional dc-dc converters feed cascaded

H-bridge inverters across a medium-voltage grid.

typically rely on either a single centralized controller [6]-[8] or
distributed controllers with a common communication bus for
sending supervisory control commands and grid information
[3], [9]-[15]. Centrally-controlled systems not only have a
single point of failure, but computational limitations inherent
to any control platform act as a bottleneck to system size.
Distributed controllers require some form of communication
among them which increases wiring complexity and makes
high module counts impractical. A common communication
bus may also be vulnerable to failure. These issues are
collectively overcome by decentralized solutions where each
inverter in the stack has its own autonomous controller.

To date, state-of-the-art decentralized control methods have
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the following shortcomings which critically affect their use-
fulness in practical settings. Decentralized methods in [16],
[17] are applicable to islanded systems only. Grid connected
systems are considered in [18], [19] where each inverter uses
an active power versus frequency droop law, but reactive
power control is unaddressed and stability only holds for
unidirectional power flow. The authors in [20] implemented
a decentralized active and reactive power control method
for stacked PV inverters where one inverter is controlled in
current control mode and the others are voltage controlled.
In this setup, the current controlled inverter needs to be of
higher transient power rating as the other inverters. Moreover,
they still require grid voltage zero-crossing information to
be broadcasted, and it should be noted that analysis and
experiments are limited to only 3 series-stacked modules. In
[21], resistance emulation was introduced in tandem with a
modified droop-like controller with both active and reactive
power loops. However, the active power controller exhibits
instability under reverse power transfer from grid.

To address above mentioned shortcomings, we leverage
the intrinsic synchronization and power sharing capabilities
of coupled nonlinear Andronov-Hopf oscillators (AHOs) to
constitute the decentralized controller of the series-stacked
system [22]. The AHO can accept real- and reactive-power
setpoints and uses only locally measured current to pro-
vide communication-free synchronization and power sharing
among the inverter modules. It is applicable to any number
of stacked inverter modules and by proper selection of the
AHO parameters, we can guarantee control of active power
in both directions. Moreover, unlike existing phasor-domain
droop-based controllers, our controller is fully executed in
time-domain and does not require a power measurement.

The rest of the paper is summarized as follows- Section II
provides a detailed model of N series-connected inverters and
Section III contains system stability analysis. A parameter
selection procedure to ensure stable operation of the controller
for both directions of power flow procedure is provided.
Finally, relevant simulations and hardware experiments for
a prototype with 5 series-stacked converters is provided in
Section IV and the paper is concluded in Section V.

II. DYNAMICAL MODEL OF CASCADED H-BRIDGE
INVERTER WITH VIRTUAL OSCILLATOR CONTROLLER

Consider the system of NN three-phase dc-ac converters
connected in series and exchanging power with the utility grid
via an impedance z; as shown in Fig. 1. Each three-phase
converter has three single phase H-bridges on its ac output
stage. For ease of exposition, we abstract away the dc-side
topology and simply show decoupled dc-links although the
actual implementation might feature additional upstream cir-
cuitry (e.g., dual-active bridges and dc interconnections). We
also assume that the dc-link voltages preceding each H-bridge
are fixed at a constant value and ignore any dc-side dynamics.
Any three-phase vector is represented as Type 1= [T, Tp, Tc] |-
The set A is defined as N := {1,2,---, N}. The converter
stack delivers current i, into the grid. Active and reactive

power processed by the j™ converter module is p; and gj,
respectively, and its instantaneous three-phase terminal voltage
iS Vape,j. We denote the complex filter line impedance as
zf = Ry + sLy. The system current dynamics in the abc frame
can then be written as

) N
. dzabc
Riiane + Lg & Z Vabe,j — Vabe,g- (D

Jj=1

We will express (1) in the dg-frame rotating synchronously
at angular velocity wyom, With the d-axis aligned to the grid
a-phase voltage. . transformed to the af and dg frames
is denoted as x5 = [Ta,25] " and x4y = w4, 7,]", respec-
tively. Application of the abc — dg transformation to (1) gives

) N
ds . .

Lfdf;l = ; Va,k — Vd,g — Reld + Wnom Lslq, 2
di, &

Lfd—f = ; Vg k — Vg.g — Reig — WnomLtid. 3)

A. The Andronov-Hopf Oscillator

The AHO is a nonlinear system that produces sinusoidal
oscillations given a nominal amplitude input signal. Its tra-
jectory is adjusted via external active and reactive power
setpoints [22]. The state dynamics of the AHO in the absence
of setpoints is

1.'1 _ £(2X130m - HxHQ) —Wnom Z1 (4)
i) Wnom §2X0m — 1zl1*)] [22]°
where x1 and x4 are the states, and X, is the nominal oscil-
lation RMS amplitude. ||z|| := (2% + 23)'/2 is the Euclidean
norm of [x1, 2] " and the gain ¢ influences convergence speed.
This is an example of a supercritical Hopf bifurcation where
the state trajectories asymptotically spiral towards a stable
circular limit cycle with nominal RMS amplitude X, and
angular frequency wyom from any initial state.

To translate the dynamics in (4) into a hardware-
implementable form, we conceptualize the oscillator states as
representing the averaged switch-terminal voltages in the in
the a3 and denote them as [vq,;,vg ;] |- The oscillator is then
excited by the difference between the commanded line current
[i%,%] " and the actual current [io, ig] ". We get the following
voltage dynamics for each inverter:

|:1‘]0¢»J}:|:k0 (2V1120m - HUOéB”Q)

v3,j Wnom

—Wnom :| |:1)a7 j:|
kO (2Vr120m - H’UOéB”Q) vﬁ;j
— kg [Cf)w _Smﬂ {’:a _’é} NG
sing  cos¢ | |ig—ij

where k, and ky are the oscillator convergence and current
feedback parameters, respectively. The nonlinear diagonal en-
tries in the voltage dynamics in (5) ensure that the RMS output
of each inverter is maintained at V., with the second term
is zero. For grid-connected settings, V,om can be set to the
nominal grid RMS voltage Vg nom. Moreover, the parameter ¢
represents a rotation angle that controls the nature of coupling

between the current and the voltage of a particular axis.
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Fig. 2. A cascaded inverter module with the proposed nonlinear oscillator-based controller.

Current references at the ;' inverter are given by

v 20l 0pQ5 208,07 — Ve @)
T3 wasgl® T3 vasyl?

Substituting (6) into (5) and transforming the dynamics in (5)

into the synchronous dgq frame gives (7)—(8). For ease of
exposition, we use (9)—(10) to obtain the following voltage
amplitude and angular dynamics

(6)

Vd,jVd,j + Vq,jVq,j

V' = = kO 2anQom - V2 V;
T Jagl ( i
2k N _ .
+ 5y (coso(Pf —pj) +5ind(Qf —45)),
J
éj = arctan <qu>
Ud,j
2ky . . N
= gz (S o(Pf —p;) —cos $(Q] —gy)),  (10)
J

where V; is the 4 voltage amplitude and 6; is the voltage
phase angle with respect to the d-axis or grid phase-a voltage.
The implementation of this controller is shown in Fig. 2.

B. Steady-state solutions

Setting derivatives in (9)-(10) to zero, the steady-state
voltage amplitude and power values can be expressed as

) ) Y

kyf(9)

3k, VA

nom

Vj:Vnom<1i 1+

where

(P} — Py)f cosd, if ¢ # /2

(QF— Qy)/sind, if #0 (9

-}

Above, P; and (@); are the steady-state values of active
and reactive power, respectively. Therefore, we can see that
depending on the selection of ¢ various modes of coupling
between V; and P; or ); can be obtained. In (12), it is evident
that ideal tracking of reactive power (i.e., Q; = (J}) and real
power (ie., P; = P]*) follow when ¢ = 0 and ¢ = 7/2,
respectively. The steady-state voltage amplitude, phase angle,
active power error, and reactive power error with variations in
Pr are in Fig. 3 with parameters in Table L

III. STABILITY ANALYSIS AND PARAMETER SELECTION

To assess stability, we contain the dq grid currents as well
as all inverter voltage amplitudes and phase angles within
the state vector, x = [V4,01,--+,Vn,0On,i4,4,]" of length
2(N + 1). The nonlinear state equations are summarized in
(2)—=(3) and (14)—(15)Vj € N. Now we evaluate the steady
state condition where all active power setpoints are equal
and reactive power setpoints are zero. Hence, P} = P* and
Q; = Q* =0, Vj € N. In this condition, the steady-state
voltage amplitudes and angles are equal such that V; =V,

sin(@) (P} — P;) — cos(9)(Q] — @) = 0, (I12)  and 0; = 6,, Vj € N. Linearizing around this equilibrium

dva,; 2 2 , 2cosp . . . 2sing N

a =ko (2Vnom — [|vag,;l )Ud,j —ky{iacosg — m (PJ Vd,j + Qqu,j) —igsing + m (Pj Vq,j — QjUd,j) )
@)

dvg,; o 2sin ¢ , 2cos ¢

# = ko (2V2 1 — vagi||?) va,; — ks (zd sin ¢ — 73||qu’j E (P;vd,j + Q§vq,j) + g co8 ¢ — 73||qu’j”2 (Pfvg; — Q;vd,j) .
3
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dv; 2k . P . 2ky oo .

ditj =ko (2Vim — VJ2) Vi +cos¢ (?J/J;-Pj — ky (cos;iq + sin szq)> +sin¢ (SVJ;Qj —ky (sin;iq — cos szq)) ,
(14)

dé; 2ky ky . . . 2ky kr , . . ;

— = —5 P — —(cos¥; 0, —cos¢ | =—=5QF — — Ojiq — cosb; . 15

" sin ¢ (3%2 7 (cosbjiq + sinbjig) cos ¢ 312 Q] v, (sin@;iq — cosbjiy) (15)

yields the Jacobian matrix:

o o e 0 0 K1 Ko
g B -0 0 —mom
J=10 0 e« o K1 Ko
o 0o - B B 2 oo

o —Voez e Voo —E Wiem

2 Voer -+ o Voer  —Wnom —it

" (16)

The expressions for o, o', 8, 8, k1, K2, c1, and ¢ are given in
the Appendix. This matrix can be written in the form

A --- 0 B
J= , (17)
C C Z
where
a o K1 Ko
A= 5 B = K K1 | o
[5' 5] [_ Vi v ]
C— . —Voca _ % Wnom
C2 Vocl ’ Wnom % ’

and 0 is a 2 x 2 matrix of all zeros. The characteristic equation
of this matrix form is
N - AN AT - A)(MI-Z) - NCB| =0, (18)

where |.| denotes the matrix determinant and I is a 2 x 2
identity matrix.

W
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Fig. 3. Plot of steady-state quantities with active power reference variation:
(a) steady-state voltage amplitude and phase angle, (b) steady-state active
power error and reactive power error.

A. Eigenvalue Analysis

Solving (18) gives a total of 2(IN + 1) eigenvalues, out of
which 2(N — 1) are conjugate pairs of the form

-

A1 =0.5(a+ B) £0.5 ((a —B)* + 40/6’) Y9

with multiplicity N — 1. For ¢ = /2, Ay and Ay, can be
simplified as

o' B —ap
A = —_— =
1 (a+ﬁ)+ Oé'f'ﬁ (a—’_ﬂ)
~ — 4k V2 <0, if k, >0, (20)
o'f —aB k@ T
1 ot B 3v2 when ¢ 5 2D
When ¢ = 0, (27)-(28) imply o’ = 0, 5’ = 0. Hence,
ks P*
~ A 2 f
M Ao —dk V2 — . 22)
P
Ay~ B~ ;/fgom, when ¢ = 0. (23)

Recall that P and () are the values of active and reactive
power, respectively, delivered by each inverter in steady state.
When ¢ = 7/2 and @ < 0, then \] < 0. For this mode of
coupling () is not tightly controlled and the oscillator adjusts
the inverter voltage amplitudes such that, Q < 0 in steady
state and the system is stable. However, in the case of power
transfer from the grid to the inverters, P < 0 and, hence, we
need ) > 0 for stability. In that case, the system becomes
unstable if ¢ = 7/2 is still maintained. Therefore, for reverse
power transfer it follows that we must select the mode of
coupling where ¢ = 0 so that A} < 0 as P < 0.

P*>0 P* <0
300 1500

o =0.1 = — k=01
e ko =1 7 — ko=1
Il - ko, =10 by — ko =10
1200 o 1000 o
< ko = 50 = — ko =50
=
100

max {R(X2),
o

'
—
[=}
S

2000 100 0 00 200 0

1000

2000

kp —=

(a) (b)

3000

Fig. 4. Plot showing trajectories of real-parts of critical eigenvalues A2 and
A3 as a function of k ¢ for different values of ko in case of, (a) forward power
transfer, (b) reverse power transfer.
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The remaining 4 eigenvalues of J come in conjugate pairs,
and are solutions of the following matrix equation:

|(M — A)(M\I — Z) — NCB| = 0. (24)

The solutions of (24) are denoted as Az o/ and A3 3/, which
have 2 distinct real parts R(A2) and R(A3), respectively.
Figure 4 shows the plot of the maximum of these two real
parts as a function of the oscillator parameter k, and feedback
gain k. As illustrated in Fig. 4, there exists a range of k; and
ko that ensure max{R(Az2), R(A3)} < 0. Based on this, we
select k¢ and k, appropriately for both P* > 0 and P* < 0.
The chosen values used in the upcoming experiments are in
Table II.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The numerical simulations and hardware experiments in
this section substantiate the preceding design approach and
supporting analysis. The scaled down version has 5 dc-ac
converters connected in series and the system and controller
parameters for each purpose are given in Table-I and Table-II.

A. Simulation Results

Our simulation captures the dynamics of five cascaded H-
bridges with ideal dc voltage source inputs. The system and
controller under consideration are in Table-I. System perfor-
mance for negative active power transfer is shown in Fig. 5.
Figure 5(a) exemplifies communication-free synchronization

TABLE 1
SIMULATED SYSTEM AND CONTROLLER PARAMETERS.

Symbol  Description Value  Units
Venom  Nominal grid voltage 230 Vims
Wnom Nominal grid frequency 60 Hz
Ve Dc-link voltage 50 \%
fnom Inverter switching frequency 10 kHz
L¢ Filter inductance 5 mH
Rs Filter resistance 0.2 Q
Vaom Nominal oscillator amplitude 46 Vims

among the oscillator-controlled inverters and Fig. 5(b) illus-
trates active power reference tracking when every 10 ms each
inverter is issued a distinct —1kW step command. Reactive
power dynamics are in Fig. 5(c) with fixed 0 VAR references
and Fig. 5(d) confirms near unity power factor operation. Next,
Fig. 6(a)—(d) provide similar results for active power delivery
from the inverter stack to the grid.

B. Experimental Results

Our three-phase hardware system, as depicted in Fig. 7,
has five series-connected H-bridge inverters for ac phase leg.
Looking further upstream, the system topology mirrors that
in Fig. 1 where each dc-link is interfaced by a dual active
bridge (DAB) which are in turn powered by a single dc
power supply. Each DAB stage provides isolation to facilitate

200
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100 20
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v
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-100
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tfs]
(b)
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Fig. 5. Simulation results for negative active power transfer with ¢ = 0,k = 1, and k¢ = 1000). (a) Communication-free voltage synchronization, (b)
Active power reference tracking, (c) Reactive power output, (d) Near-unity-power-factor operation of output voltage and grid current.
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Fig. 6. Simulation results for positive active power delivery ¢ = 7/2,k, = 0.1, and ky = 20. (a) Active power reference

tracking, (b) Reactive power

output, (c) Grid current response to power step change, (d) In-phase output voltage and grid current.
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TABLE II
SYSTEM AND CONTROLLER PARAMETERS FOR EXPERIMENTS

Symbol  Description Value  Units

Vi DAB input voltage 100V

n DAB transformer turns ratio 2:1

Ve Dc-link voltage 50 \%

Vgnom  Nominal grid voltage 106 Vims

Wnom Nominal grid frequency 60 Hz

fnom HBI switching frequency 10 kHz

Ly Filter inductance 5 mH

Ry Filter resistance 0.25

Viaom Nominal oscillator amplitude 21.2 Vims
Case-I: Forward power transfer

¢ Current rotation angle /2 rad

ks Current feedback gain 20 Q/s

ko AHO convergence parameter 1 1/(V3s)
Case-II: Reverse power transfer

¢ Current rotation angle 0 rad

ks Current feedback gain 1000 /s

ko AHO convergence parameter 1 1/(V3s)

ac-side stacking. Finally, each set of three-phase H-bridges
has local current sensing circuitry and is digitally controlled
by a TMS320F28379D digital signal processor. Hence, there
are a total of five decentralized digital controllers. These
digital controllers also modulate the DABs to provide voltage
regulation for each three-phase set of floating dc-links. The
experimentally used physical and control parameters are in
Table II.

1) Pre-synchronization with grid: In order to pre-
synchronize the inverters with the grid, the active and reactive

Fig. 7. Experimental setup consisting of five cascaded three-phase dc-ac
converter units. Each unit consists of three DABs and three H-bridges.

. grid volt
Y
MU

MU

vV V.V .V MV VIV V V V ViVv ViV V vV

V ¥ Y Y W\ Y av Y VY,
o ms/ v b curebt. WWIW VIV v
40 ms/div line currents [5 A/div]: 7. z,}YVZ? WWWWIWWY

Fig. 8. Experimental validation of forward power transfer: Transient response
when P* changes from 10W to 100 W at each inverter. Grid voltages and
currents are depicted.

power set-points for each converter are set to 0 and a resistance
is introduced into the circuit to limit the grid current as the
inverter voltages build up. In this condition, the oscillator-
based controller exactly tracks the grid voltage and the current
decays to zero. This is when the startup resistance is removed
and the inverters can begin delivering power into the grid.

2) Forward power transfer: Figure 8 shows the transient
response of the system when all of the inverter units are given
a step change in the active power command from P* = 10 W
to P* = 100 W. The total active power delivery is close to
Pyriqg = 500 W. Similarly, Fig. 9 shows the transient response
as well as the steady-state waveforms of the system when all of
the inverter units are given a power command step change from
P* =100W to P* = 200 W. The reactive power set-point is

)
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HitoH L il gt
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Fig. 9. Forward power transfer: Transient response when P* changes from
100 W to 200 W at each inverter.
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b P*=200 W command |

de inﬁllt currents [5A-‘/di‘v]

>
200 ms/div

Fig. 10. Transient response of dc-supply currents at DAB inputs during a
P* step-change from 100 W to 200 W. Inverters equally share grid reactive
power.

kept at Q* = 0. The total active power delivered to the grid
in this case is close to P,iq = 1kW. Since reactive power is
not tightly regulated, some small amount of reactive power is
absorbed from the grid. Note that the three-phase currents are
not equal because of the presence of small imbalances among
the converters and lack of sensor calibration. Such issues could
be mitigated in a commercial environment. Figure 10 shows
the dc supply input currents of the five units for a 100 W to
200 W power command step . It can be seen that the average
dc current for all the modules changes from 1 A to 2 A as the
power increases.

3) Reverse power transfer: Experimental results in Fig. 11
are for the case of reverse power transfer from grid to the
converters. Here, the active power reference is changed from
P* = —50W to P* = —100W while keeping @Q* = 0.
Since, the voltage amplitude governs the active power flow
in this scenario, the line currents have distortion due to the
multilevel voltage waveform. This distortion could be damped
out via digital resistance emulation. This will be considered
in future work. Due to the coupling between frequency and
reactive power, the reactive power is perfectly controlled at
0 VAR whereas the active power has some error.

grid voltages {200V dw Vi Uy

A

a-phase stack voltage [201

hne-current;

P*=-50W P*=-100 W

Fig. 11. Measurements during reverse power transfer: Transient response
when P* is adjusted from —50 W to —100 W at each inverter.

V. CONCLUSION

This outlines a decentralized control method for grid-
connected cascaded H-bridge inverters. We envision this ap-
proaching as having applications in transformerless medium-
voltage converters. In the proposed framework, cascaded dc-
ac converters autonomously regulate their active and reactive
power output using a virtual oscillator controller. our controller
provides communication-free synchronization and power shar-
ing among the cascaded units and its time domain implemen-
tation gives speed advantages over conventional phasor-based
droop methods. Unlike prior methods, this method can control
the active power processed by an inverter in both directions
and can be applied to any number of series-connected con-
verters. To formulate an analytical foundation, the nonlinear
system model was first provided and the eigenvalues of
its linearized counterpart were subsequently computed. The
analytical expressions of the eigenvalues guided parameter
selection with the aim of guaranteeing small-signal stability
during both positive and negative power transfer. Finally,
experimental measurements were shown for a system of five
series-connected three-phase dc-ac modules.

APPENDIX

The expressions for matrix entries in (16) are

a=ko (2V2, —3V72) — % (P*cos ¢+ Q*sing),

(25)
2k ,
B~ 312 (Pcos¢ +Q@sing), (26)
! ~ _i

o ~ 3V (Psing — Qcos @), 27

ﬂ’%—ﬁ(Qcomﬁ—f—Psin(ﬁ), (28)

k1= —kgcos (0o — @), ko= —kssin(8, —¢), (29)

¢y =cosb,/L¢, o =sinb,/Ls. (30)
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