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ABSTRACT
The equilibrium between dc bus voltage and ac bus frequency (Udc-f equilibrium) is the algorithm core of unified control strategies
for ac-dc interlinking converters (ILCs), because the equilibrium implements certain mechanism. However, what the mechanism is
has not been explicitly explored, which hinders further studies on unified control. This paper reveals that the state-space model of
a Udc-f equilibrium controlled ILC is highly similar to that of a shaft-to-shaft machines system. Hence a detailed mechanism is dis-
covered and named “virtual shaft-to-shaft machine (VSSM)” mechanism. A significant feature of VSSM mechanism is self-synchro-
nization without current sampling or ac voltage sampling.
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I n  an  ac/dc  hybrid  microgrid,  a  grid-forming  source  (GFS)
maintains the voltage of the bus which it directly connects to.
An ac-dc interlinking converter (ILC) links a dc bus and an ac

bus for mutual power support. GFSs can appear on the dc bus or
the  ac  bus,  which  leads  to  multiple  operation modes  of  a  hybrid
microgrid[1,2].  Referring  to Figure  1,  in  the  ac  dominant  mode,
GFSs only exist on the ac bus, and the ILC must maintain the dc
bus voltage; in the dc dominant mode, GFSs only exist on the dc
bus, and the ILC must maintain the voltage of the ac bus; and in
the balanced mode, GFSs exist on both buses, and the ILC transmits
some power between the buses to balance the microgrid.
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Fig. 1    Unified controls for the ILC in multiple operation modes of a hybrid
microgrid.
 

To  adapt  to  online  change  of  the  microgrid-operation  mode,
one  approach is  to  switch  the  ILC control  loops  in  line  with  the
changing mode[3,4]. The control-loop switching must keep up with
the mode change. Hence, for the ILC, detecting the GFSs’ working

modes  or  communicating  with  the  GFSs  is  always  necessary  for
this case[5], despite efforts to achieve more independently distributed
control[6]. To avoid the concern on detection/communication reli-
ability, unified control strategies were developed[7].

ω∗−ω ≈ k (u∗
D −uD) (1)

ω
uD ω∗ u∗

D

k1k1k
uD ω

Unified control strategies use a fixed control loop scheme for all
operation modes.  The  equilibrium  of  dc  bus  voltage  and  ac  fre-
quency is the core of such control algorithms. This equilibrium is
referred to as “Udc-f equilibrium” in this paper and is usually set
as Eq.  (1) in the literature,  where  is  the angular velocity of  the
ILC modulated voltage,  is the dc bus voltage,  and  are the
references  of  them,  and  can  be  called  the  matching
coefficient[8]. Referring to Eq. (1), the higher  is, the higher  the
ILC  modulates,  and  vice  versa.  Hence,  as  long  as  there  is  a  GFS
operating on one bus,  the voltage stiffness  of  another bus can be
maintained via the ILC.

PD PA

Droop  control  is  famous  for  its  adaptability,  power-sharing
ability,  and  simplicity.  An  ILC  may  need  to  address  both  the
power-dc  voltage  (P-Udc)  droop  and  the  power-frequency  (P-f)
droop, expressed  in  Eqs.  (2)  and  (3),  which  facilitates  the  estab-
lishment of hybrid droop expressed in Eq. (4).  and  are the
expected output powers of the ILC on its dc port and its ac port,
respectively.

P-Udc droop : PD = k1 (u∗
D −uD) (2)

P-f droop : PA = k2 (ω∗−ω) (3)

P= PD−PA = k1 (u∗
D −uD)−k2 (ω∗−ω) (4)

The hybrid droop is the original form of Udc-f equilibrium[7]. A
series  of  unified  control  strategies  based  on  Eq.  (4)  were
developed[9–12].  Referring  to  Eq.  (4),  pursuing  high  stiffness  of  dc 
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k1 k2
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voltage and ac frequency leads to large values of  and , which
results in a nearly proportional Udc-f equilibrium as expressed in
Eq. (5). Obviously, Eq. (5) has the same form as Eq. (1). And the
matching coefficient  in Eq. (1) is .

Large k1, k2 : ω∗−ω ≈ k1
k2

(u*
D −uD) (5)

By adding regulation loops for the intermediate link voltage, an
advanced unified control was developed[8]. Some advanced unified
controls  were  also  created  by  using  the  virtual  synchronous
machine technique to set virtual inertia for better dynamic perfor-
mance[13].  In  addition  to  linear  terms  of  Udc-f  equilibrium,
quadratic terms were also used to match the order of certain links
in system model[10].

The mechanism by Udc-f equilibrium for the entire ILC state-
space model has not yet been explored in detail.  The mechanism
of a basic control approach verifies the reasonability and simplicity
of that approach, and it provides setting rules for control parame-
ters. Studies on the mechanisms of phase-lock loop, droop control,
and  virtual  synchronous  machine  control[14,15] serve  as  examples.
An ac grid system is essentially an inductive rotating inertial  sys-
tem, whereas a dc grid system is essentially a capacitive static inertial
system. Udc-f equilibrium is consistent with these inertial natures,
and  it  enabled  the  development  of  unified  control.  A  detailed
mechanism  of  the  Udc-f  equilibrium-controlled  ILC  should  be
explored to benefit advanced control studies.

The  small-signal  form  of  most  Udc-f  equilibriums  can  be
derived as Eq.  (6),  which is  also given in Figure 1.  The following
content of this paper focuses on this small-signal form.

ω = k uD (6)

The  main  contributions  of  this  paper  are  listed  as  follows:  (1)
This paper reveals that the state-space model of a Udc-f equilibrium
controlled  ILC  is  highly  similar  to  that  of  a  shaft-to-shaft
machines system. Hence a detailed mechanism is discovered and
named “virtual shaft-to-shaft machine (VSSM)” mechanism. (2) It
is discovered that VSSM mechanism features self-synchronization
without current sampling or ac voltage sampling.

1    Udc-f equilibrium controlled ILC and shaft-to-
shaft machines
Together, a synchronous machine and a dc machine with a shaft-
to-shaft connection can be used as an ac-dc conversion device. A
modeling comparison between such a shaft-to-shaft machine sys-
tem and a  three-phase  two-level  ac-dc ILC is  presented to  reveal
their potential high similarity, as shown in Figure 2. The derivation
and explanation for Figure 2 are as follows. The symbol definitions
are listed in Table 1. The variables in the ILC are defined using the
meaning  of  state-space  averaging.  All  of  the  circuit  components
are assumed to be ideal for simplified analysis.

1.1    Comparison on the ac side
θ ω is the angle in the abc coordinate system, and  is its velocity:

θ =
w t

t0
ω dt+θ0 (7)

(1) ILC model

For the ILC, referring to Figure 2, the state equation on the ac side
is shown in Eq. (8):

[ uaubuc

]
=

d
dt

[ ψaψbψc

]
+

[
ria
rib
ric

]
+

[ eaebec

]
(8)

Eq.  (8)  can  be  transformed  into  the  dq  coordinate  system,  as
shown in Eq. (9):[ uduqu0

]
=

[ 0 −ω 0
ω 0 0
0 0 0

][ ψdψqψ0

]
+

d
dt

[ ψdψqψ0

]
+r

[
id
iq
i0

]
+

[ edeqe0

]
(9)

where [ ψdψqψ0

]
=

[ L 0 0
0 L 0
0 0 L

][ id
iq
i0

]
.

Then Eq.  (9)  can be simplified as  Eq.  (10)  with the remaining
dq quantities:

[ ud
uq

]
=

 −ωLiq+Ldiddt + rid + ed

ωLid +Ldiqdt + riq+ eq

 (10)

(2) Shaft-to-shaft machines model

For  the  shaft-to-shaft  machines,  referring  to Figure  2,  the  state
equation for the ac armature is as shown in Eq. (11):[ uaubuc

]
=

d
dt

[ ψmaψmbψmc

]
+

[
ria
rib
ric

]
(11)

Eq. (11) can be transformed into the dq coordinate system, as
shown in Eq. (12):

[ uduqu0

]
=

[ 0 −ω 0
ω 0 0
0 0 0

][ ψmdψmqψm0

]
+

d
dt

[ ψmdψmqψm0

]
+ r

[
id
iq
i0

]
(12)

ψA

The  synchronous  machine  is  assumed  to  be  ideal.  Non-ideal
parameters, like  rotor  damping windings  and the  armature  reac-
tion,  can  be  neglected[16].  Thus,  the  flux  equation  is  derived  as  Eq.
(13), where  is the air-gap coupled flux:

 

Table 1    Symbol definition of ILC and shaft-to-shaft machines

Symbol Object

uabc udq0, ac bus voltages; as in the dq axis

iabc idq0, ac port currents; as in the dq axis
L filter inductor; machine leakage inductance

ψabc ψdq0, ac filter inductor fluxes; as in the dq axis
r Inductor parasitic resistance

eabc edq0, Modulated voltages; as in the dq axis

CD dc bus capacitor
uD eD, dc port voltage, dc machine electromotive force

ψA Synchronous machine air gap coupled flux
ψD dc machine transferred air gap coupled flux

ψmabc ψmdq0, Synchronous machine flux; as in the dq axis
emabc emdq0, Synchronous machine electromotive force in dq axis

J Total moment of inertia including shafts and rotors
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[ ψmdψmqψm0

]
=

[ L 0 0
0 L 0
0 0 L

][ id
iq
i0

]
+

[ ψA
0
0

]
(13)

emd emq

Then the state equation (12) is simplified as shown in Eq. (14),
where  and  represent the electromotive force:

[ uduq

]
=


−ωLiq+Ldiddt + rid + 0︸︷︷︸

emd

ωLid +L
diq
dt + riq+ωψA︸︷︷︸

emq

 (14)

For  ac  part,  obviously,  the  state  equations  of  the  ILC  and  the
synchronous  machine,  namely  Eqs.  (10)  and (14),  are  equivalent
as long as the ILC modulates the fundamental voltage equal to the
electromotive force of the synchronous machine, as shown in Eq.
(15): {

ed = emd = 0
eq = emq = ωψA

(15)

1.2    Comparison on the dc side and the inertia link
The inertia  state  equation of  the dc capacitor  in the ILC is  easily
derived as shown in Eq. (16):

CDuD
duD

dt = PAC −PDC =
3
2
(edid + eqiq)−PDC (16)

uD

ω

The inertia state equation of the rotor (or shaft) angular velocity
in the shaft-to-shaft machine is easily derived as shown in Eq. (17).
Obviously,  if  the  ILC  control  ensures  a  proportion  between 
and , the inertia equations (16) and (17) have the same form.

Jωdωdt = PAC −PDC =
3
2
(emdid + emqiq)−PDC (17)

uD eD

ψD

For an ideal  dc  machine,  the relationship between the dc port
voltage ,  the  dc  electromotive  force  and  the  rotor  angular
velocity  is  given  as  Eq.  (18),  where  is  the  transferred  air-gap
coupled flux of the dc machine:

uD = eD = ω ψD (18)

Eq. (18) is exactly the proportional relationship needed for ILC
control to make Eqs. (16) and (17) equivalent. And Eq. (18) is also
exactly  the  small-signal  Udc-f  equilibrium  expressed  in  Eq.  (6).
Combining Eqs. (16)–(18), Eq. (19) can be derived.

J= CDψ2
D = CD

/
k2 (19)

Eq. (19) reveals that the moment of inertia in the shaft-to-shaft
machine system can be physically and linearly emulated by the dc
bus capacitance of an ILC.

1.3    Equivalence condition and the VSSM mechanism

k= 1/ΨD M= ΨA/ΨD

Combining Eqs. (15) and (18), Eq. (20) is obtained as the full con-
dition to make the ILC state-space model (i.e., Eqs. (10) and (16))
strictly equivalent to the shaft-to-shaft machine system state-space
model (i.e., Eqs. (14), (17), and (18)), where , .
For better readability, the derivation of model equivalence is sum-
marized in Figure 2.

{ω = kuD, ed = 0, eq =MuD (20)

The  model  equivalence,  as  shown in Figure  2,  means  that  the
Udc-f  equilibrium  controlled  ILC  copies  the  mechanism  of  the
shaft-to-shaft machines in terms of port characteristic. Hence the
mechanism  in  such  an  ILC  is  named “virtual  shaft-to-shaft
machine (VSSM)” mechanism. As shown in Figure 3, the control
loop for Eq. (20) implements the VSSM mechanism. This VSSM
loop contains the Udc-f equilibrium Eq. (6). Referring to Figure 3,
there is no current sampling or ac voltage sampling. This is a great
simplicity for realization of the VSSM mechanism.

2    Self-synchronization of Udc-f equilibrium
The Udc-f equilibrium controlled ILC features self-synchronization
due to the VSSM mechanism. In control studies using the definition
of Udc-f equilibrium expressed in Eq. (4), the inner P-f droop was
considered  as  the  reason for  self-synchronization.  The  P-f  droop
requires  current  sampling.  However,  for  the  VSSM  mechanism,
there  is  no  current  sampling  or  ac  voltage  sampling,  so  the  P-f
droop self-synchronization principle does Eq. not apply to it.

The system transmission diagram of the VSSM loop controlled
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Fig. 2    Model comparison between an ac-dc ILC and a shaft-to-shaft machine system.
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uD ω

θg−θ
θg−θ

ILC is presented as Figure 4, including the power circuit part and
the controller part. A transmission link from  to  is necessary
to  form a  negative  feedback  loop  for  the  regulation  of  the  phase
difference .  The Udc-f  equilibrium Eq. (6) is  such a simple
link.  Hence,  can be adaptively  regulated to a  certain value
in steady state, which means the self-synchronization is achieved,
just as the self-synchronization in the shaft-to-shaft machines.
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Fig. 4    Self-synchronization principle of the VSSM mechanism.
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A  simple  but  typical  microgrid  configuration  is  selected  as
shown  in Figure  5.  For  the  ac  GFS,  the  voltage  amplitude  is 
and the angular velocity is . The dc GFS is under a droop con-
trol, where  is its dc voltage reference and  is its droop coeffi-
cient. The ILC links both buses. The loads are resistors  and .

 is the ac filter capacitance. A detailed switching-model simulation
in  Simulink/MATLAB  is  established  to  provide  a  set  of  time-
domain  waveforms  to  help  illustrate  the  self-synchronization
principle.  The microgrid-operation modes shown in Figure 1 are
determined  by  the  states  of  the  contactors  and  shown  in
Figure 5. The main parameters are listed in Table 2.
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Fig. 5    A detailed configuration of a hybrid microgrid.
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The simulation results are shown in Figure 6. In the ac dominant
mode,  is  on  and  is  off,  and  a  transient  process  of  load 
stepping from 20 to 40 Ω is recorded.

θg−θ uD

uD

ω
θg−θ θg−θ

uD θg−θ
uD uD

The  negative-feedback  regulation  of  via  can  be
observed. In Figure 6(a), the load shed causes  to increase at the
beginning. The Udc-f equilibrium Eq. (6) makes  increase at the
same time, leading to a drop of .  When the drop of 
causes the active power to be lower than the dc load consumption,

 begins  to  decrease.  Due  to  the  integral  link,  has  a  90°
delay compared to . After the oscillation,  returns to its initial

θg−θ

θg−θ
uD uD uD

uD ωg

steady-state value, whereas  reaches a new steady state value
to  match  the  power  consumption  change.  This  verifies  the  self-
synchronization  of  the  VSSM  mechanism. Figure  6(b) presents
the self-synchronization process in the form of phase plane, which
helps  understand  the  regulation  relationship  between  and

. The constant steady-state  value verifies that  is maintained
via the proportion between  and .

3    Experiment
A  2  kW/60  Hz  110  VAC/380  VDC  hybrid  microgrid  prototype
using MOSFET (model number C3M0075120J) was built to con-
duct  an  experimental  verification.  The  configuration  of  the
microgrid is the same as shown in Figure 5. The system parameters
are the same as in Table 2.

 

Table 2    System parameters for the microgrid

Symbol Value Symbol Value

Vgrated 110 V rms L 1.0 mH
ωg ωrated , 60 × 2π rad/s r 0.050 Ω

VDrated 380 V dc UA rated 110 V rms
rD 6.0 Ω uD rated 380 V dc

CD 130 µF fPWM 100 kHz

C 3.3 µF ΨA
√
2UA ωrated /

rated power 2.0 kW ΨD uD ωrated /
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Fig. 3    The VSSM loop contains Udc-f equilibrium.
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Fig. 6    The  self-synchronization  of  the  VSSM  mechanism  in  load  step
response: (a) waveform in time domain, (b) plane domain.
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3.1    Multi-mode adaption

uD

ugab

uab

ia

The prototype initially operates in the balanced mode. The ILC is
controlled with the VSSM loop as shown in Figure 3. The ac grid
frequency  value  is  fixed.  Hence,  the  steady-state  value  of  is
clamped by the frequency. The dc GFS then determines its power
via its droop control. And the ILC transmits this power to balance
both buses. Figure 7 shows a switching process to the dc dominant
mode, and Figure 8 shows a switching process to the ac dominant
mode. The AB-line voltage of the ac GFS is referred to as , that
of the local ac bus is referred to as , and the current of the phase-
A is referred to as .
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Fig. 7    Switching process from the balanced mode to the dc dominant mode
with the VSSM loop.
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Fig. 8    Switching process from the balanced mode to the ac dominant mode
with the VSSM loop.
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Referring  to Figure  7,  when  the  ac  electromagnetic  connector
 is switched off, the ac local voltage becomes independent from

the ac grid voltage. The dc bus voltage  is still maintained by the
dc  GFS,  whereas  the  ac  phase  voltage  amplitude  and its  fre-
quency  are  maintained  via  the  Udc-f  equilibrium  (6)  and  the
modulation  index  Eq.  (20).  The  transient  process  is  short  and
smooth.

uD

Referring  to Figure  8,  when  the  dc  GFS  is  disconnected  from
the dc  bus,  the  steady-state  value  of  is  still  clamped by the  ac
grid  frequency  via  the  Udc-f  equilibrium  Eq.  (6).  The  transient
process is also short and smooth.

The mode switching tests shown in Figures 7 and 8 verify that
the Udc-f equilibrium Eq. (6) is the algorithm core of unified control
strategies for ILC due to the VSSM mechanism.

3.2    Self-synchronization on ac side

uD

RD

uD

Figure 9 shows a  load step test  in  the ac  dominant  mode,  where
no  dc  GFS  maintains .  The  ILC  is  controlled  with  the  VSSM
loop as  shown in Figure  3.  When the  load  steps  from 300  to
120  Ω,  a  transient  process  is  triggered.  After  the  oscillation, 
returns  to  its  initial  steady-state  value  (the  rated  value).  The  ILC
regulates  its  power  to  match  the  new  load  consumption.  The

iapower  increase  and  the  synchronization  are  indicated  by  the 
waveform. The simulation in Figure 6 was verified.

4    Conclusions
Udc-f equilibrium is the algorithm core of unified control strategies
for  ac-dc  ILCs,  because  the  equilibrium  implements  certain
mechanism.  However,  what  the  mechanism  is  has  not  been
explicitly explored, which hinders further studies on unified con-
trol. This paper reveals that an ILC under unified control is highly
similar  to  a  shaft-to-shaft  machine  system  in  the  sense  of  full-
order state-space modeling, due to the Udc-f equilibrium. Hence a
detailed  mechanism  is  discovered  and  named “virtual  shaft-to-
shaft  machine  (VSSM)” mechanism.  It  is  also  verified  that  even
the  VSSM  mechanism  features  self-synchronization.  This  self-
synchronization  principle  is  similar  to  that  of  the  shaft-to-shaft
machine system,  and it  is  different  from P-f  droop since  there  is
no  current  sampling.  The  VSSM  mechanism  does  not  need  ac
voltage sampling either.
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