Hierarchical Software-Defined Control Architecture
with MPC-Based Power Module to Interface
Renewable Sources and Motor Drives

Liwei Zhou, Member, IEEE, Matthias Preindl, Senior Member, IEEE

Abstract—A hierarchical control architecture is designed with
model predictive control (MPC)-based power module for gener-
alized renewable applications including single/three-phase grid,
solar, battery, electric motor, etc. The hierarchical control archi-
tecture is composed of three layers: (1) Central control layer for
mode recognition of different types of interfaced load/source,
reconstruction of power converter topologies, high level cur-
rent/voltage/power control, generating references for local power
module control and grid services for utility support; (2) Lo-
cal module control layer for implementing MPC algorithm to
track references from central controller with improved dynamic
performance, stabilizing common-mode voltage, collecting ADC
samplings and generate PWM signals for local power switches;
(3) Application layer for the interface with different types of
renewable loads/sources including single/three-phase grid, solar,
battery, electric motor and so on. The merits of the designed con-
trol architecture include: (1) the reconfigurability to be suitable
for different types of applications; (2) all non-isolated topologies
with common-mode noise attenuation capability for renewable
energy interfaces; (3) improved dynamic performance by local
MPC power module; (4) high accuracy and robustness of the
multi-layer MPC-based control without being influenced by the
parametric modeling error from various interfaced applications;
(5) grid services for abnormal condition utility support. The
experimental results verified the proposed hierarchical control
architecture.

Index Terms—Hierarchical control, model predictive control,
grid connection, motor drive, common-mode noise attenuation,
renewable energy, grid services.

I. INTRODUCTION

N practice, high performance power conversion systems

require specialized design to satisfy the demands from
various loads or sources especially with more renewable
energy interfaces. Based on the features of different interfaced
applications, the corresponding power control algorithms,
parametric modeling and operating robustness design might
be varying [1]-[3]. Also, the hardware circuitry topologies
need specific design procedures. The repetitive power elec-
tronics design routines increase the cost both from software
algorithm and hardware circuit perspectives [4]—[8]. Typically,
a hardware-in-the-loop simulation system named Real Time
Digital Simulator (RTDS) has been developed to combine the
software algorithms with physical devices for the real-time
validation. RTDS is a desired option to reduce the repetitive
designing cost for the power electronics networks with the
corresponding control algorithms at the holistic design stage.
Furthermore, in the specific hardware and software design
stages, a more detailed and practical strategy is needed for the

power electronics to be interfaced with various applications.
To provide more generalized power electronics design with
less cost on redundant design procedures, the following three
aspects can be considered as references. Firstly, modular
concept is option to standardize the hardware components of
the power electronics system. Especially for the renewable
energy system with various types of interfaced applications,
a basic power module can be designed to formulate different
converter topologies for satisfying various demands. However,
the existing modular power electronics either focus on micro-
grid system level to redistribute the energy among different
interfaced renewable energy sources or hardware device level
to reconstruct different circuits within a certain application
case [9]-[11]. Correspondingly, the specific converter design is
unavoidable for each of the application. Secondly, to manipu-
late the power modules, multi-layer management structure has
been typically applied for the digital control system. Similarly,
the commonly used multi-layer management architectures are
concentrating on either the whole micro-grid system level
to manage among the distributed energy resources (DER)
or individual converter level with cascaded control strate-
gies for certain DER control purpose [12]-[14]. Thirdly, the
generalized power module needs a robust and stable power
control technique to satisfy different application requirements
especially when interfaced with various renewable energy
resources [15], [16]. Typical power electronics control tech-
niques mainly include hysteresis control, linear control, sliding
mode control, predictive control and artificial intelligent con-
trol. Among the various control techniques, hysteresis control
is nonlinear which is difficult to model [17]. The linear method
of PID control is simple for implementation [18]. However, the
dynamic performance and resonant oscillation in high order
filter system could cause operating issues under various types
of energy interfaces. Sliding mode controller is configured
to deal with the variable structured systems with different
working modes [19]. Artificial intelligent methods such as
fuzzy logic and neural network, can deal with complicated
systems [20], [21]. But the interpretability and transparency
need further studies. MPC is an advanced control technique
which has good transient performance in the applications of
power electronics voltage/current control [22]-[24].

To achieve the aforementioned three aspects for the gen-
eralization of power electronics system, a software-defined
concept can be leveraged for the holistic system management.
The software-defined idea has been proposed in several other
areas such as mobile network, optical network, wireless sensor



network, data center, Internet of Things (IoT) or smart grid
systems [25]-[36]. In which, [31] researched the software-
defined mobile system with joint resource allocation and ad-
mission control mechanism. [30], [33] studied the secure dis-
tributed control and the detailed literature review of software-
defined optical network. [27], [34] focused on the development
of software-defined wireless sensor network with the specific
control algorithms. [35] designed the resource allocation tech-
niques for software-defined data center. [28] developed the
traffic control strategies for software-defined IoT with machine
learning tools. [25], [26], [29] studied the software-defined
power systems with the focuses on communication, resilience
against attacks and fault diagnosis, respectively. However,
none of the software-defined researches covered the power
electronics due to the application-oriented characteristic. The
requirements of different power converters are typically vary-
ing and specific based on the interfaced applications and
voltage/current ratings. Thus, the generalization of power
electronics system needs to be software-defined with modular
concept and hierarchical control architecture.

This paper proposes a hierarchical software-defined con-
trol architecture with MPC-based power modules to im-
prove the performance of renewable energy conversion sys-
tem with reconfigurability for different applications includ-
ing single/three-phase grid, solar, battery, electric motor, etc.
Firstly, the control architecture is introduced with the system
modeling of local MPC-based power module and three types
of interfaced applications. Secondly, the three-layer hierarchi-
cal control architecture is illustrated in details including central
control layer, local module control layer and application layer.
Thirdly, the merits of the developed control architecture are
summarized with the corresponding experimental validations.

II. SYSTEM MODELING

The proposed hierarchical control architecture is shown
in Fig. 1. The architecture is composed of three layers
which make the system reconfigurable for different types
of load/source and power converter topologies. From top
to bottom of Fig. 1, the multi-layer control architecture is
constituted by central control layer, local module control layer
and application layer. Specifically, the central control layer
includes software-defined functions that are responsible for
the recognition of different types of interfaced load/source,
reconstruction of power converter with desired number of
local modules, high level current/voltage/power/speed/torque
control, generate references for local power module control,
leakage current control for renewable energy interfaces and
grid services for utility support. The local module control
layer is composed of desired number of MPC-based power
module unit as is shown in Fig. 2. The local power module
is configured with MPC to improve the dynamic perfor-
mance and attenuate the common-mode noise. The application
layer defines the interface with different types of load/source
including single/three-phase grid, battery, solar, motor, etc.
This section analyzes the system modeling of the key basic
component (local power module) and the correspondingly
formulated different applications of the proposed hierarchical
control architecture.
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Fig. 1. Hirarchical control architecture with MPC-based power module.
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Fig. 2. Local MPC-based power module.

A. Local Power Module Modeling

As is shown in Fig. 2, the local power module consists of
the upper/lower switches, switch side inductor, upper/lower
output capacitors and the high-resolution MPC controller for
the per module LC control. The differential equations for the
local power module LC filter can be expressed as:

s(t) = — t) + d(t 1

irgs(t) T SUCf() I (t) (1a)
1 1

tcy(t) = ?fiLf(t) c irfo(t) (1b)

where Ly, and C are the switch side inductor and capacitor,
respectively. i1 ¢s, oy and iry, are the switch side inductor
current, capacitor voltage and output side current. The local
MPC control algorithm is designed based on the per phase
LC filter to track the reference commands from the central
control layer.



B. Application Modeling

With the recognition and reconstruction of different types
of load/source interfaces from the central control layer, dif-
ferent number of local power modules are connected with
the corresponding system models to perform the specific
power control algorithms. The various types of applications
include single/three-phase grid connection, motor traction and
battery/solar.

1) Single-Phase Grid: Firstly, two local power modules can
be connected in parallel to formulate a single-phase full-bridge
transformerless grid-connected inverter as is shown in Fig.
3(a). The state space equations in ab reference frame can be
expressed as:
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where L¢,, Cr and Ly, are the switch side inductor, capacitor
and grid side inductor, respectively, for the LC'L filter. ir, ¢s. qb,
VG f,abs LLfo,ab and Vg o are the switch side inductor current,
capacitor voltage, grid side current and grid voltage for the
single-phase grid-connected system, respectively. I, € R?*?
is the identity matrix for single-phase grid connection system.

Leveraging the Park and Clarke transformations, the state
space equations can be converted to the dqO reference frame
for the central level control:

iLfs,dg0 = ﬁldqovz,dqo — ﬁldqovcf,dqo —wSipfs,aq0  (32)
S S

VO f,dg0 = ?fldqoiLfs,qu — ?fldqoiLfo,qu — wSvcy,dq0 (3b)

iLfo,dq0 = ﬁldqova,qu - ﬁldqﬂvg,dqo —wSirfo,dq0 (3¢)
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where w is the angular velocity of the grid in rad/s. S is the
matrix, [0, -1, 0; 1, 0, 0; 0, 0, 0], for the coupling terms
of single-phase grid-connection model. I;,0 € R3*3 is the
identity matrix for dqO grid connection system.

Different from the conventional inverter topologies, the
upper/lower output capacitors of the local MPC-based power
module provide common-mode leakage current bypassing
paths for the formulated single-phase grid-connected inverter
as is shown in Fig. 4(a). The common-mode voltage of the
single-phase topology can be derived as:

VCf,a + VCFb

5 @

Vem,1¢p = VCf,0,1¢p =

The leakage leakage current is typically excited by the high
frequency fluctuation of the common-mode voltage to be
injected into the grid through a parasitic capacitor, Cpqrq. The
leakage current is defined as:

dvcfo,16

dt )

likg,1¢ = 9L fo,0,1¢ = Cpara

With two MPC-based power modules connected in parallel
for single-phase grid-connected inverter in Fig. 3(a), the equiv-
alent common-mode circuit in Fig. 4(a) demonstrates that the
leakage current can be bypassed by the upper/lower output
capacitors with the zero-sequence voltage MPC control. From
the control perspective, the embedded local power module
zero-sequence voltage MPC can stabilize the common-mode
voltage, vc 0,14, to be constant as half of DC bus voltage.
Then, according to (5), the leakage current flowing to the grid
will be largely attenuated.

2) Three-Phase Grid: Secondly, three local power modules
can be connected in parallel to formulate a three-phase trans-
formerless grid-connected inverter as is shown in Fig. 3(b).
The state space equations in abc reference frame is similar
with equation (2) by substituting iy, ¢ ab, VC f,abs UL fo,abs Va,ab
and I 4 € R2%2 with UL fs,abe> VC foabes 4L fo,abe And Vg qbe and
I3, € R3*3 for the three-phase system.

Leveraging the Park and Clarke transformations, the state
space equations of three-phase system can be converted to the
dq0 reference frame for the central level control which are
similar with equation (3) in the single-phase system.

Different from the conventional three-phase inverter topolo-
gies, the upper/lower output capacitors of the local MPC-
based power module provide common-mode leakage current
bypassing paths for the formulated three-phase grid-connected
inverter as is shown in Fig. 4(b). The common-mode voltage
and leakage current expressions are similar to equations (4)
and (5) by transferring single-phase variables into three-phase
system.

With three MPC-based power modules connected in parallel
for three-phase grid-connected inverter in Fig. 3(b), the equiv-
alent common-mode circuit in Fig. 4(b) demonstrates that the
leakage current can be bypassed by the upper/lower output
capacitors with the zero-sequence voltage MPC control. From
the control perspective, the embedded local power module
zero-sequence voltage MPC can stabilize the common-mode
voltage, vcfo,3¢, to be constant as half of DC bus voltage.
Then, the leakage current flowing to the grid will also be
largely attenuated.

3) Motor Drive: Thirdly, three local power modules can
also be connected in parallel to formulate a three-phase
transformerless motor traction inverter as is shown in Fig. 3(c).
Different from the grid-connected inverter applications, the
motor drive interface does not require the grid side inductors,
L¢4. Three power modules can be directly connected to the
motor. Thus, the motor drive modeling can be separated into
switch side LC' filter modeling and PMSM modeling.

For the switch side LC filter modeling, the state space
equations in abc reference frame can be derived as:

. 1

i = —I34v — —Izgvey 6a
L fs,abc Lfs 3¢ Vx,abc Lfs 3¢ UC f,abc ( )
. 1 . .

VC f,abe = aIS¢ZLfs,abc - EIS¢Z7notOT,abc (6b)

where 7,,010r,abc 15 the current flowing into the motor winding.
Leveraging the Park and Clarke transformations, the state
space equations can be converted to the dqO reference frame
for the central level control:
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where M is the matrix, [0, -1, 0; 1, 0, 0; 0, 0, 0], for the
coupling terms of motor drive model.

For the motor side modeling, a typical PMSM is analyzed in
this section [37]. Different from the grid side inductor current,
1L fg,dq0, the motor windng current, ¢,,0¢0r,dq0, can be modeled
as:

imotor,d = Lid (vet,d — Rsimotor,d + We Lglimotor,q) (8a)
imotonq = Li (Ve 1.0 — Reimotorsa — we (Laimotorsd + 1)) (8b)
T = 2p Nimotorsa + (L = Lg) imotordimotora) (80
We = % (—Bwe + pTe — pT1) (8d)

where Lg, L, represent the dg component inductance of the
motor, respectively; R is the stator winding resistance. v is
the flux of the permanent magnets. w, is the electrical angular
velocity of the rotor which is related to the mechanical angular
velocity w,, by the pole pairs p, by w. = ppw,. T, and T;
are the electrical and load torques, respectively. B and .J are
the friction and inertia coefficients, respectively.

The motor bearing current and shaft voltage caused by the
switching pulsation of the traction inverter is a key factor
that could result in electric motor failure. The upper/lower
output capacitors of the local MPC-based power module can
provide common-mode leakage current bypassing paths for the
formulated motor traction inverter as is shown in Fig. 4(c). The
common-mode voltage of the motor traction inverter topology
which is highly related to the shaft voltage of the motor can
be derived as:

VCf,a + VCfb + VCF,c
Vem,motor = UC f,0,motor — 3 . )

For the motor system, the leakage current is also typically
generated by the high frequency fluctuation of the common-
mode voltage to be injected into the motor bearing through
the parasitic capacitor, Cpqrq. The equivalent parasitic circuit
model for the motor system has been displayed in Fig. 4(c)
which consists of two paths. The first parasitic path is from
the stator windings to the frame of the motor, Cy2f. The
second path includes two cascaded sections which are from
the stator windings to the rotor, C\2,, and then from the
rotor to the frame, Cr2f, Cy NDE, Cb, pE- The leakage current,
kg,motor> generated by the high frequency fluctuation of the
common mode voltage mainly flows through the first path of
stator windings to the frame capacitor, Cy2¢, because of its
low impedance. And the second path of leakage current is
mostly relevant to the bearing current and bearing voltage
which are also generated by the high frequency fluctuation
of common mode voltage. Specifically, Cyy2r, Cra5, Co NDE
and C} pg are the stator windings to rotor capacitor, rotor
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Fig. 3. (a) Single-phase grid (b) three-phase grid and (c) three-phase motor
traction topological applications of the multi-layer control architecture.

to frame capacitor, non-drive end and drive end capacitors,
respectively. So, the equivalent parasitic capacitance can be
derived as:

(Cr2f + Co.npE + Co,pE)Cwor
(Cr2t + Co,nDE + Co,pE) + Cuw2r
Thus, the leakage current also regarded as the bearing
current is defined as:

Cpara -

+ Cuw2g.  (10)

. . _ def,O,motor
lkg,motor = 10,motor — Cpara dt

an

With three MPC-based power modules connected in parallel
for the modified motor traction inverter in Fig. 3(c), the
equivalent common-mode circuit in Fig. 4(c) demonstrates that
the leakage current can be bypassed by the upper/lower output
capacitors with the zero-sequence voltage MPC control. From
the control perspective, the embedded local power module
zero-sequence voltage MPC can stabilize the motor common-
mode voltage, V¢ fo,motor, t0 be constant as half of DC bus
voltage. Then, according to (11), the leakage current flowing
to the motor bearing will also be largely attenuated.

III. HIERARCHICAL CONTROL STRUCTURE

The proposed hierarchical control structure is illustrated in
this section. As is demonstrated in Fig. 1, the hierarchical con-
trol structure consists of three layers: (1) Central control layer
for recognition of different types of load/source, reconfigu-
ration of power converter topologies with desired number of
power modules, high level current/voltage/power/speed/torque
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control, generate references for local MPC-based power mod-
ule control, leakage current control for renewable energy
interfaces and grid services for utility support; (2) Local
module control layer for implementing the MPC algorithm to
track the references from the central controller with improved
dynamic performance, stabilizing the common-mode voltage,
collecting ADC samplings and generating PWM signals for
local power switches; (3) Application layer for the interface
with different types of load/source including single/three-phase
grid, battery, motor drive and so on. Three typical interfaced
applications of the proposed MPC-based hierarchical control
architecture are demonstrated in this section including single-
phase grid-connection, three-phase grid-connection and motor
traction with the corresponding diagrams in Fig. 5, 6 and 7,
respectively.

A. Single-Phase Grid Interface Control

Fig. 5 displays the control architecture for the application of
single-phase grid interface. The corresponding power converter
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Fig. 6. Three-phase grid application of the hierarchical architecture.

topology is shown in Fig. 3(a).

1) Central Control Layer: The central control layer is
functioned to recognize the single-phase grid interface and
reconfigure the power converter topology with two local power
modules in parallel as is shown in Fig. 3(a). The specific
functions of single-phase grid interface central control layer
are illustrated as follows.

Firstly, the single-phase grid side inductor current, %zt qb,
and output capacitor voltage, vcy,qp, are received from the
local power modules and transformed into dq0 reference frame
as i1, fo,dq0 and v £ qq0, TEspectively, for the high level control
purpose.

Secondly, the single-phase phase-lock loop (PLL) is de-
signed in the central control layer as is shown in Fig. 8(a).
The virtual o3 components of output capacitor voltage are
constructed and transformed to dq axis to control the gq
component to be zero for the generation of accurate grid
angular speed, w, and phase angle, 6.

Thirdly, the grid service control functions are configured
to provide active/reactive power compensations based on the
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Fig. 8. (a) Single-phase and (b) three-phase PLL control blocks.

grid frequency/voltage abnormal conditions. The grid service
control blocks are detailed in Fig. 9 by following the standard-
ized principles of IEEE 1547 [38]. The general implementing
methodology is to output the certain amount of active/reactive
power for the distributed energy resources (DER) by following
the prescribed linear curve functions. The linear functions in
the grid service standards regulate the output active/reactive
power based on the variations of grid voltage/frequency and
output active power to compensate for the abnormal grid
conditions. Six typical working modes of the grid services
have been shown in Fig. 9 including constant reactive power
mode (Const-Var), constant power factor mode (Const-PF),
grid voltage and reactive power mode (Volt-Var), active power
and reactive power mode (P-Q), grid frequency and active
power mode (Freq-Watt), grid voltage and active power mode
(Volt-Watt). Thus, the grid service controller in the central
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Fig. 9. Grid service control blocks in the central control for single/three-phase
grid interfaced renewable energy applications.

control layer receives the measured grid voltage/frequency and
active power of DER to generate the desired active/reactive
power references, P* and Q*, for the active/reactive power
controllers. The active/reactive power controllers derive the dg
components of grid side inductor current references, i7 r, 4,
for the following grid current dg controllers.

Fourthly, the grid side inductor current dg components,
iLfo,dg> are controlled separately with two PI controllers to
generate dg output capacitor voltage references, v/ f.dq- And
the zero-sequence output capacitor voltage reference, v, 7,00
is configured as half of DC bus voltage, vg., to stabilize the
common mode voltage. Combining the zero-sequence voltage
control with the modified topology in Fig. 3(a), the leakage
current can be attenuated from flowing into the grid. Then,
the dq0 components of output capacitor voltage references are
transformed into ab reference frame with the reversed Park
and Clarke functions as, v(*Jf)ab. The generated ”E‘f,ab then
will be distributed to the per phase local module control layer
as the tracking references of local MPC control.

2) Local Module Control Layer: The local module control
layer of the single-phase grid interfaced system consists of
two MPC-based power modules. Each of the power module is
implementing the same MPC algorithm for the switch side LC'
filter to track the output capacitor voltage reference, vg 4y,
received from the central control layer.

For the MPC implementation, in every control period, the
MPC controller receives the measured switch side induc-
tor current, ¢z, fs qbc, Capacitor voltage, vqy qbe, grid current,
iLfo,abes from ADC and capacitor voltage reference, v:f,abc
from the grid current controller. An offline generated piecewise
affine search tree is applied to derive the optimal duty cycle
for the explicit MPC. The discrete state equations of switch
side LC filter can be derived from the continuous equations
in (1) as:
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For the flexibility of implementing the explicit MPC and the
convenience of experimentally adjusting the DC bus voltage
during test, the last term of (12), vg.d(k), can be replaced by
the phase leg output voltage, v, (k). The state-space model for
MPC can be expressed in standard matrix format of

Xk+1 = Ac Xk + Beour + Ecey (13)

where the variables and matrices for MPC control represent

1 I Ts 0
Acz|: T, Lrs :|7BC:|: Lys :|7EC:|:_T5 :|’
fors 1 0 Cy
(14a)
X, = irfs(k) up = [ vacd(k) |,en = [ iro(k) ]
ver(k) |77F de €k Lfo :
(14b)

In the MPC formulation, the inductor current/capacitor voltage
references can be defined as X and the tracking errors between
the measurement and the references are expressed as X which
are composed of

Xk _ |: iLf.s,Tef(k) . (15)

‘Lfs re k) ir s(k)
Xk = ! ’ f( s
’Ucf,Tef(k') :| 1k

ve,ref (k) —vey(k)

Thus, the cost function includes two terms

Nc Np—1
min Y XiQcXix+ > Aui Roluy. (16)
k=0 k=0

For the penalties of the MPC cost function, Q¢ and R¢
represent the weighing factor matrices that are implemented
on the state values and input values, respectively.

In MPC, the prediction horizon, H,, is an essential factor
to tune. H,, is correlated to the control period, 7. Larger
number of H,, can improve the performance of MPC such as
accuracy, convergence. However, the computation burden will
be increased accordingly since the MPC formulation array size
will be expanded proportionally. Thus, the typical procedures
to design H,, and T} are: (1) choose a desired T’ based on the
computational capability of micro-controller; (2) try H,, from
low to high until the system is stable with desired transient
response.

3) Application Layer: For the application layer, the inter-
face between the local power modules and the single-phase
grid are two grid side inductors, L ¢,.

B. Three-Phase Grid Interface Control

Fig. 6 displays the control architecture for the application of
three-phase grid interface. The corresponding power converter
topology is shown in Fig. 3(b).

1) Central Control Layer: The central control layer is
functioned to recognize the three-phase grid interface and
reconfigure the power converter topology with three local
power modules in parallel as is shown in Fig. 3(b). The specific
functions of three-phase grid interface central control layer are
illustrated as follows.

Firstly, the three-phase grid side inductor current, iz 7o, abcs
and output capacitor voltage, vcy qbe, are received from the
local power modules and transformed into dqO reference frame
as i1, fo,dq0 and v £ qq0, Tespectively, for the high level control
purpose.

Secondly, the three-phase PLL is designed in the central
control layer as is shown in Fig. 8(b). The abc components
of output capacitor voltage are received from local power
modules and transformed to dq axis to control the ¢ component
to be zero for the generation of accurate grid angular speed,
w, and phase angle, 6.

Thirdly, the grid service control functions are configured
to provide active/reactive power compensations based on the
grid frequency/voltage abnormal conditions. The grid service
control blocks are also following the working modes in Fig.
9 to generate the desired active/reactive power references,
P* and Q*, for the active/reactive power controllers. The
active/reactive power controllers derive the dg components of
grid side inductor current references, i7 ;, ;, for the following
grid current dg controllers.

Fourthly, the grid side inductor current dg components,
1L fo,dq0, are controlled separately with two PI controllers to
generate dg output capacitor voltage references, v¢ g 4, And
the zero-sequence output capacitor voltage reference, v¢ g,
is configured as half of DC bus voltage, vg., to stabilize the
common mode voltage. Combining the zero-sequence voltage
control with the modified topology in Fig. 3(b), the leakage
current can be attenuated from flowing into the grid. Then,
the dq0 components of output capacitor voltage references are
transformed into abc reference frame with the reversed Park
and Clarke functions as, v, f,aber The generated v, fabe then
will be distributed to the per phase local module control layer
as the tracking references of local MPC control.

2) Local Module Control Layer: The local module control
layer of the three-phase grid interfaced system consists of
three MPC-based power modules. Each of the power module is
implementing the same MPC algorithm for the switch side LC
filter to track the output capacitor voltage reference, v 4.,
received from the central control layer.

3) Application Layer: For the application layer, the inter-
face between the local power modules and the three-phase grid
are three grid side inductors, L f,.

C. Motor Drive Interface Control

Fig. 7 illustrates the control architecture for the application
of motor drive. The corresponding motor traction inverter
topology is shown in Fig. 3(c). A permanent magnet syn-
chronous motor (PMSM) is connected directly to the three
local MPC-based power modules for the validation.

1) Central Control Layer: The central control layer is
functioned to recognize the motor interface and reconfigure



the power converter topology with three local power modules
in parallel as is shown in Fig. 3(c). The specific functions of
motor interface central control layer are illustrated as follows.

Firstly, the rotor position is measured with a encoder board.
And a speed controller is designed to control the rotor speed.
The output of the speed controller is configured as the g
component motor winding current reference, iy, .., , t0 be
cascaded with the following motor current controllers.

Secondly, the three-phase motor winding current, ¢,,0t0r,abes
and output capacitor voltage, vcf,qbc, are received from the
local power modules and transformed into dq0 reference frame
as imotor,dg0 and vcy dq0, respectively, for the high level
control purpose.

Thirdly, the motor winding current dg components,
Tmotor,dg> are controlled separately with two PI controllers
to generate dq output capacitor voltage references, vy g,
And the zero-sequence output capacitor voltage reference,
Uéf,o’ is configured as half of DC bus voltage, vg.. Then,
the dq0 components of output capacitor voltage references are
transformed into abc reference frame with the reversed Park
and Clarke functions as, v, fabe: The generated v{, F.abe then
will be distributed to the per phase local module control layer
as the tracking references of local MPC control.

2) Local Module Control Layer: The local module control
layer of the motor interfaced system consists of three MPC-
based power modules. Each of the power module is imple-
menting the same MPC algorithm for the switch side LC
filter to track the output capacitor voltage reference, v 4.
received from the central control layer.

3) Application Layer: For the application layer, the three
local power modules are directly interfaced with the PMSM.

IV. MERITS AND VALIDATIONS

The proposed hierarchical software-defined control ar-
chitecture is validated experimentally on the MPC-based
power module test bench with C3M0021120K MOSFETs and
TMS320F280049 control card configured with CAN commu-
nication as is shown in Fig. 10. The merits of the designed
architecture can be concluded in the following five aspects.

A. Reconfigurability with Unified Power Modules

Firstly, one of the major merits for the proposed hierarchical
control architecture is the reconfigurability to be applied
to different applications with the unified MPC-based power
modules. As is shown in Fig. 1 and 10, different number
of MPC-based power modules can be connected to formal-
ize the desired circuitry topology and interfaced application.
Fig. 11(a) and 11(b) show the single- and three-phase grid
interfaced applications of the grid current, capacitor voltage,
inductor current and DC voltage waveforms, respectively. The
testing results of motor application are shown in Fig. 12(a)
and 12(b) with speed step of 730 rpm and torque step of 26
Nm, respectively. The three applications, single/three-phase
grid and motor, are all following the hierarchical control
architectures illustrated in Fig. 5, 6 and 7, respectively. Besides
the single-stage AC working modes of single/three-phase grid
and motor traction applications, the proposed architecture can

—DC Powery By

Sup

(" Modulen
(Local)
e

Module3
(Local)

(" Module2
(Local)

¢ Modulel
(Central)

T A
AN Power B
-

CAN
Transceiver

1
-

Fig. 10. Prototype of the hierarchical control structure.
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Fig. 12. Captured ADC readings of motor (a) speed step from O to 470 rpm
and (b) torque step from 5 to -5 Nm.

also be applied to the DC working mode and multi-stage
energy conversion systems. Fig. 13(a) and 13(b) show the gen-
eralized cases of the software-defined architecture for DC/DC
and two-stage DC/DC+DC/AC energy conversion systems.
Specifically, one local power module can be configured for
a holistic DC/DC converter or the DC/DC stage of the two-
stage energy conversion system. Three power modules can
be configured as the DC/AC stage for the two-stage system
with a DC link capacitor in the middle. The corresponding
validation results have been demonstrated in Fig. 14 with the
output current, output voltage on both DC and AC working
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modes.

B. Improved Dynamic Performance with MPC-Based Local

Layer Power Module

Secondly, the local level MPC control improves the dynamic
performance by actively damping the resonance of the LCL
filter and enabling a high control bandwidth. By inserting am
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Fig. 16. Captured ADC readings of grid current steps from (a) 2A to 8A and
(b) 8A to 2A for the proposed MPC and conventional PI methods.
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MPC loop between the central level output current PI and
PWM modulation, the control gain is capable of being largely
increased without inducing too much resonant oscillation.
Fig. 15(a) and 11(b) shows the single- and three-phase grid
interfaced applications of the grid current, capacitor voltage,
inductor current and DC voltage waveforms, respectively, with
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current step from 2A to 6A. Also, for a better comparison with
the conventional PI control, three testing cases of the captured
ADC readings for grid current from 2A to 8A and 8A to 2A
are shown in Fig. 16(a) and 16(b), respectively. Compared with
low K, of the traditional PI, the proposed MPC control can
track the reference 5 times faster without overshoot. Compared
with high K, of the traditional PI, the proposed MPC control
performs more steadily without oscillation.
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C. Non-Isolated Applications with Central Layer Zero-
Sequence Control

Thirdly, the central layer manages a zero-sequence voltage
control to be distributed to the local MPC power mod-
ules. With the zero-sequence controller combined with the
modified topologies in Fig. 4(a), 4(b) and 4(c), the leakage
current/common mode voltage of single/three-phase grid and
shaft voltage/bearing current of motor can be attenuated. Thus,
the non-isolated topology can save the cost of bulky trans-
former. Also, for the solar power interfaced energy conversion
systems, the leakage current caused by the parasitic capaci-
tance of the solar panels are non-negligible which could be
suppressed by the developed topologies and control strategies.
Specifically, Fig. 17(a)-17(d) compare the leakage current and
common mode voltage for the modified single-phase grid-
connected topology with zero-sequence controller, the mod-
ified three-phase grid-connected topology with zero-sequence
controller, the modified grid-connected topology without zero-
sequence controller and conventional grid-connected topology
without zero-sequence controller, respectively. Only leveraging
the modified topologies can reduce 2-3 times leakage cur-
rent. However, combining the modified topologies with zero-
sequence controller can reduce 10-15 times leakage current.
Also, the comparison of leakage current, shaft voltage and
common mode voltage for the conventional motor connected
topology and proposed motor connected topology with zero-
sequence voltage control in Fig. 18 demonstrates that the leak-



age current and shaft voltage on the motor can be attenuated
by 10-20 times.

D. Robust MPC Free of Application Model Parameters Influ-
ence

Fourthly, for the proposed hierarchical control architecture,
the control accuracy and robustness are guaranteed by the
cascaded multi-layer control structure. As are shown in Fig.
5, 6 and 7 of the three applications, the output side inductor
current is directly managed by the central layer controller
and the corresponding output side inductance is free from the
local MPC parametric modeling. Thus, the uncertainties of the
equivalent output parameters caused by the various interfaced
grid or motor will not influence the accuracy of the local MPC
parametric modeling.

E. Grid Services for Abnormal Condition Utility Support

Lastly, for the grid interfaced renewable energy applications,
the central layer of the proposed hierarchical control archi-
tecture can provide grid services for grid voltage/frequency
abnormal condition utility support. The grid service control
blocks in Fig. 9 have been validated through the proposed
hierarchical control architectures with 120V grid and rated
11kVA DER. Five typical working modes of the grid services
testing results have been shown in Fig. 19, 20, 21, 22 and
23 for the Const-Var, Volt-Var, P-Q, Freq-Watt and Volt-Watt
modes, respectively. The grid service function algorithms are
following the standardized piecewise linear curves to generate
the desired active/reactive power based on the measured grid
voltage/frequency or output active power values. Specifically,
in the Const-Var mode of Fig. 19, 11 reactive power wave-
forms following the reference commands ranged from -10kVar
to 10k Var are plotted by capturing the experimental readings.
The Const-Var mode controller can generate accurate reactive
power by tracking the references. In Fig. 20 of the Volt-
Var mode curve, the piecewise linear curve is the standard
requirement of reactive power for different grid voltages. Six
grid voltage points varying from 109V to 130V are tested
with the corresponding generated reactive power labeled in
star. The Volt-Var controller can accurately follow the standard
curve with the required reactive power under different grid
voltage variations. In Fig. 21 of the P-Q mode, the piecewise
linear curve is the standard requirement of reactive power for
different active power outputs. Five active power output points
varying from 5kW to 11kW are tested with the corresponding
generated reactive power labeled in star. The P-Q controller
can accurately follow the standard curve with the required
reactive power under different active power output variations.
In Fig. 22 of the Freq-Watt mode, the piecewise linear curve
is the standard requirement of active power for different
grid frequencies. Thirteen grid frequency points varying from
58.8Hz to 61.2Hz are tested with the corresponding generated
active power change ratio values labeled in star. The Freq-
Watt controller can accurately follow the standard curve with
the required active power change ratio under different grid
frequency variations. Lastly, in Fig. 23 of the Volt-Watt mode,
the piecewise linear curve is the standard requirement of active

power for different grid voltages. Three grid voltage points
varying from 128V to 130V are tested with the corresponding
generated active power values labeled in star. The Volt-Watt
controller can accurately follow the standard curve with the
required active power under different grid voltage variations.

F. Reliability of the Control

The reliability of the control performance is demonstrated in
this subsection. For the proposed hierarchical control method,
the corresponding control and system plant model has been
shown in Fig. 24. The local level per phase switch side LC'
MPC is cascaded with the central level of grid side inductor
current control. A linear-quadratic regulator (LQR) can be
applied to derive the transfer function for the MPC algorithm
portion in the control plant model of Fig. 24 to solve the cost
function.

The typical LQR control diagram integrated with a dy-
namic system is shown in the bottom block of Fig. 24
where z, y, u, 7 represent the state variable, [if,fs; v ], output
variable, i s, input variable of duty cycle, d, and tracking
reference, iz fs e, respectively. The core algorithm of MPC to
calculate the optimal duty cycle is a linear coefficient matrix,
-K. And the MPC equation to calculate the optimal duty cycle
based on the tracking error and state variable can be expressed
as:

iLfs iLfs
d=-K| ey = —[Ky1, K12, K13] voy
VC f,err UC f,err

where v¢ e 1s the tracking error of the MPC calculated as
VC fref — VCf-

Thus, the local level MPC can be expressed in the transfer
function as Fig. 24. The transfer function from tracking error,
VC f,errs tO the measurement, v¢ fo of output capacitor voltage
can be expressed as:

Gocferravcsmpc(s) =

—K13GroL.wa2info(s)(sLyo + Rifo)(sLys + Rifs)/Vae
{(sLys + Rrgs) + K11[Vaec — GrorL,va2ingo(s)(sLyo + Rirfo)l/Vac+
K15GLorva2info(s)(sLys + Rips)(sLyo + Rigo) /Vae—
K13GLoL,wa2iLfo(8)(sLys + Rips)(sLyo + Rigo)/Vac}-

(18)

Furthermore, the transfer function from the reference,

vof ref» 10 the measurement, ve g, of output capacitor voltage
can be expressed as:

Gy frefavcf,mpc(s) = (19)

Gucrerravcmpc(8)/[1 + Gucferrave s, mpc(s)].

Based on equation (19) and the LCL plant model in Fig.
24, the transfer function from the reference of output capacitor
voltage, vcy ref, to the measurement of grid side inductor
current, iz f,, can be derived as:

Gucfref2iLfompc(s) = (20)
Gucoprefaocympc(s)/(sLyo + Rifo)-



Then, taking the central level grid side inductor current PI
control into consideration, the cascaded MPC transfer function
from tracking error, %z, o ¢rr, to the measurement, iz, ¢, of grid
side inductor current can be expressed as:

GiLfoerr2iLfo,MPC(S) = 1)
Gucfref2iLfompc(s) - Girfo,pi(S).

The hierarchical MPC transfer function from tracking error

of grid side inductor, 4f,fo e, t0 the measurement of output

capacitor voltage, vcy, can be expressed as:

GiLfoerr2va,MPC(s) = (22)

Guocfrefavef,mpc(s) - Gingo,p1(s)-

The resonance behavior and dynamic performance of the
three control strategies for LCL filtered grid-connected in-
verter are analyzed based on the derived transfer functions.
Fig. 25(a) and Fig. 25(b) show the bode plots comparison of
transfer functions from the tracking error to the measurement
of grid side inductor current and from the tracking error of grid
side inductor current to the measurement of output capacitor
voltage, respectively. The magnitude plots demonstrate that
the conventional PI control has a convex spike at the resonant
frequency point. The notch filtered PI control has a concave
spike at the resonant frequency point. The developed hierarchi-
cal MPC attenuates the spike at the resonant frequency point
and the control bandwidth is wider than the conventional PI,
notch filtered PI and cascaded PI methods. The robustness and
reliability are improved correspondingly.

G. Comparison with the Conventional Control

The proposed software-defined architecture is compared
with the conventional methods to control the distributed en-
ergy resources. Firstly, for the hysteresis control of power
converters, the extra work of linearization process and the
need of accurate prediction for the hysteresis band require
careful design procedures [17], [39]. Secondly, for the linear
control techniques, the most commonly used method of PID
is simple to implement [18]. However, the control parameters
have noticeable influence on the steady state and dynamic
performance which need to be tuned carefully. Especially,
when the converter is configured as high order LC or LCL,
the PID control may cause some resonance oscillation issues.
Thirdly, for the predictive control methods, [40] developed
an FCS-MPC method with observer and output side current
sensors to deal with unbalanced conditions. [41] studied two
types of FCS-MPC techniques for the reduction of both output
side harmonics and the sensitivity to the distorted grid. [42]
also developed the FCS-MPC strategies for the improvement
of transient performance of grid-tied LCL converter based
on af frame. Fourthly, for the artificial intelligent control
techniques, the fuzzy-logic-based method in [20] and the
neural network method in [21] reconfigured the control mech-
anism with fuzzy logic rules and learning-based algorithms,
respectively which are suitable for the highly nonlinear appli-
cations. The discretized power converters connected with the
filters can be modeled with linearized state space equations.

The explainable controllers are capable of dealing with such
power conversion control process. The main differences of
the proposed architecture can be summarized in three aspects:
(1) The algorithm execution burden is relatively lower than
the aforementioned MPC methods since the proposed method
implements the algorithm for each phase LC instead of multi-
phase topology with a holistic state space system. The MPC
order is lower. The execution time is less than 4us in every
control interrupt. (2) The proposed architecture is configured
with an MPC-based zero-sequence voltage control strategy
to attenuate the leakage current with non-isolated topologies.
Transformerless structure saves the cost on isolation. (3) The
derived C code for per phase local MPC is smaller than SKB
which can be effortlessly stored in the DSP RAM.

H. Inductor and Capacitor Parametric Design

For the switch side inductor, the minimum inductance,
L ¢s min, can be determined by the maximum required current
ripple, Air s mae, With the duty cycle of 0.5, d, switching
frequency, fsw, and DC bus voltage, V.

d(1 —d)Vye
Lfs,mzn fswAiLfs . (23)
With the desired grid/switch side inductance determined, the
capacitance can be designed by the minimum output voltage
ripple, Uurippie and the resonant frequency of the LCL filter,
wres- Specifically, the minimum capacitance is determined by
the output voltage ripple which is expressed as

8Lfsuripple [%] f52
Then, from the minimum available C'¢ p min and Cf o min,

the value of capacitance can be adjusted to determine the
resonant frequency of LC'L filter system as is shown in

Cf,up,min + Cf,lo,min = . (24)

o Lys+Lyo
- LysLfo(Ctup + Crio)

Based on (25), the capacitor values can be finally determined
to choose a specific resonant frequency of the LCL filter.
Then, with the help of w,.s and LC'L parameters, the control
bandwidth, w,, can be further designed to avoid the excitation.

There exist a trade-off between offline explicit MPC with
less computation burden and the corresponding possible track-
ing error caused by the parameter variations. To explore the
influences of LC filter parameters variations on the control be-
havior, the mismatch between the MPC state space parameters
and the physical LC parameters is manually adjusted in Table
I. Three sets of cases have been tested including: (1) varying
only the switch side inductance, Lf,, mismatch; (2) varying
only the output capacitance, C'y, mismatch; (3) varying both
the switch side inductance, Ly, and the output capacitance,
C'y, mismatch. Based on the testing results, the variations of
offline pre-selected Lf, and C can affect the accuracy of
MPC tracking. Applying the variations on both Ly, and Cf
can cause more error than only applying variations on either

(25)



Ly, or Cy. The largest possible error is 1.03% which occurs
at a large mismatch of 60% on both L, and Cj.

For the influence of grid side inductance parameter on the
control performance, since the local MPC is not leveraging
this grid side inductance as the state space modeling, the
per phase module of output capacitor voltage MPC tracking
will not be affected by the variation of grid side inductance.
The corresponding validation has been shown in Table II
by manually adjusting the grid side inductance to check the
influence on control performance. The tracking error is verified
to be free from the variation of grid side inductance.

V. CONCLUSION

This paper develops a hierarchical software-defined con-
trol architecture with MPC-based power module to improve
the performance of energy conversion system. The contribu-
tions can be summarized as: (1) a multi-layer structure is
designed for generalized energy resource applications such
as single/three-phase grid, motor and DC sources; (2) local
MPC is configured for each power module to improve the
dynamic performance and stability; (3) non-isolated topologies
combined with zero-sequence MPC control save the cost of
transformers. The experimental results validated the theoretical
analysis.
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