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Abstract

A stacked polyphase bridge converter consists of multiple standard, three-phase two-level
voltage source inverters connected in series to the same dc voltage source. The authors
present a decentralised and dynamic dc-bus reconfiguration strategy for this type of
converter. The innovation of the proposed strategy lies in its ability to isolate or reactivate
one of the inverters in the series connection online, even in motoring mode, enabling
increased fault tolerance and an extended speed range. Both the required hardware al-
terations and the multi-agent control strategy are addressed. Its major benefits compared
to the state-of-the-art are that only two additional active, unidirectional semiconductor
switches are required per inverter, and that the control is based on local computations,
local measurements and neighbour-to-neighbour communication only. Hence, the scal-
ability and reliability of the hardware are extended towards the control. Simulations and
experimental results on a 4 kW modular axial-flux PMSM prove the feasibility of the
concept, and validate that the dc-bus can be reconfigured in 100 ms, without torque
interruption.
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three-phase winding set, its 2L-VSI and its dedicated three-
phase controller in an MMD can be seen as an agent in a

Modular motor drives (MMDs) are composed of several iden-
tical motor modules, fed by dedicated power electronic (PE)
modules. They recently gained interest due to their advanta-
geous economies of scales effect, their flexibility, reliability and
additional degrees of freedom [1-3]. MMDs that are composed
of a multiple of three motor and PE modules— the so-called
multi-three-phase machines [4, 5]— are of particular interest,
since they can be considered as a group of three-phase winding
sets, fed by standard three-phase two-level voltage source in-
verters (2L-VSIs). From the control point of view, these multi-
three-phase machines can make use of the well-consolidated
three-phase control strategies, extending the modularity of the
hardware to the control as well [6, 7]. The combination of a

multi-agent system. An agent can hence be regarded as a
functional entity that can operate independently from the other
agents in the system, but—by allowing communication between
the agents—they can also work together to reach a common
goal [8-10].

The agents can be fed by multiple dc power sources [11], or
they can be connected in series [12, 13] or parallel [9, 10] to a
single dc power source. The specific multi-three-phase machine
topology that will be studied in this paper, is the so-called stacked
polyphase bridge converter [14, 15], depicted in Figure 1. The
dc-links of the agents are connected in series to a single dc power
supply providing a total de-bus voltage E., which allows for the
use of switches and capacitors with lower voltage ratings without
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FIGURE 1 The conventional stacked polyphase bridge converter
(without the hardware alterations required for the proposed dc-bus
reconfiguration) consists of p agents, which are connected in series to a
single dc-link voltage source Eq.. Each agent comprises three motor
modules, three PE modules, and a dedicated controller. A ring
communication network allows the agents to exchange information with
their closest neighbours.

the need for a power transformer [16]. This feature makes them
most suitable for transformetless medium-to-high voltage and
power applications (such as offshore wind turbines [17], in the
range of 160-320 kV), and automotive applications (such as
electric vehicles [18]). Furthermore, when the dc-link capacitor
voltage v per agent is the same, the stacked polyphase bridge
converter draws less de-link current 74, from the power source
than the configuration in which all the agents are connected in
parallel for the same operating points.

However, the stacked polyphase bridge converter topology
gives rise to some challenges as well. Small imbalances in the
agents may lead to voltage instability, and a breakdown of the
complete drive [19]. The authors of Ref. [14] have proven that
the voltages vy, over the dc-link capacitors of the agents only
remain stable in generating mode. In motoring mode, an active
voltage balancing algorithm [13, 14, 20] is required to ensure
that the total dc-link voltage Eq. is divided equally among the
agents of the converter, and thus to avoid that the breakdown
voltages of the semiconductor power switches are exceeded.

Furthermore, the fact that the same dc-link current 4. runs
through all the agents in the series connection introduces a
challenge as well. When there is a failure in the 2L-VSI switches
or the windings of an agent, and the current path through the
three phases of that agent is interrupted, the de-link current will
flow through the agent's dc-link capacitor. In generating mode,
this leads to a decrease of the voltage over the capacitor to 0V,
which can safely be by-passed, as is demonstrated in Ref. [17].
However, in motoring mode, this will charge the capacitor and
cause over-voltages. In contrast to generating mode, agent
isolation in motoring mode has not been covered in the
literature.

Although the low dc-link voltage vy, per agent is regarded
as one of the major benefits of the stacked polyphase bridge
converter (as it reduces its component's voltage ratings), it is
also one of its drawbacks. This is especially the case when the
converter is used in combination with a permanent magnet
synchronous machine (PMSM). After all, the dc-link voltage
per agent imposes a limit on the back electromotive force
(back-EMF), and hence the speed of the electric machine. In
the literature, multiple strategies are considered to increase the
speed range, such as field-weakening [21, 22|, variable flux
machines [23, 24] and winding reconfiguration strategies |25,
26]. These reconfiguration strategies either reduce the back-
EME, or increase the available voltage over a machine wind-
ing. The main issues of the existing reconfiguration strategies
are the high number of additional active— and sometimes even
bidirectional— switches that are required, and the occurrence
of a short torque interruption during reconfiguration.

1.1 | Key challenges

To summarise, modular motor drives fed by a stacked poly-
phase bridge converter are still facing the challenge that a
faulty agent cannot be isolated from the series connection in
motoring mode. Hence, a single failing agent forces the
complete system to shut down. Furthermore, the limited dec-
link voltage per agent imposes a limit on the back-EMF
(and hence the speed) of the MMD. The main issues of the
state-of-the-art reconfiguration strategies that deal with this
speed limit are the high number of additional active (bidi-
rectional) switches that are required, and the occurrence of a
short torque interruption during reconfiguration. Therefore,
in this paper, a multi-agent dc-bus reconfiguration strategy is
proposed, which enables to isolate and reactivate an agent in
the series connection of the stacked polyphase bridge con-
verter in motoring mode, while keeping the capacitor voltages
over the active agents balanced. The proposed strategy is able
to isolate a faulty agent in motoring mode, and to increase the
drive's speed range for traction applications. At low speed, all
the agents are connected in series to produce a high torque.
At high speed, agents are disconnected in order to divide the
total dc-link voltage over less agents. Figure 2 illustrates the
speed—torque characteristic that can be obtained in this way.
However, the advantage that all the semiconductor switches
and capacitors can have lower voltage ratings is lost in this
case.

The proposed reconfiguration strategy exhibits multiple
advantages, which address the remaining challenges:

* the reconfiguration strategy requires only two additional
active, unidirectional switches per agent (which are indi-
cated in Figure 3);

* the reconfiguration is dynamic, that is, the torque is not
interrupted when an agent is isolated or reactivated, and
the isolation and activation take place in 100 ms (making it
competitive with for instance the gearbox of a Bugatti
Veyron DSG [27]);
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FIGURE 2 Speed—torque characteristic of an MMD with a
reconfigurable stacked polyphase bridge converter with five agents, without
using field-weakening, At low speeds, all agents are connected in series to
produce maximum torque. When the speed (and hence the back-EMF)
becomes too high for the dc-link voltage per agent, the agents are one by
one disconnected from the series connection. Per agent that is
disconnected, the maximum available torque decreases, but the dc-link
voltage per agent increases, allowing for a speed range extension.
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FIGURE 3 Adapted agent topology, tequited for agent isolation and
activation in the series connection of the converter. Apart from the three-
phase winding set and 2I.-VSI, the agent is also equipped with a dc chopper
and neutral point switch.

* the strategy is completely decentralised, that is, there is
no need for a central or master controller (which is a
single point of failure), and only the agent that is isolated
or reactivated needs to make alterations to its control
strategy;

* the strategy can be adopted for any number of agents in
the series connection, without a complete redesign of the
control scheme;

* the applied active voltage balancing algorithm does not
require an additional voltage sensor to measure the total
dc-bus voltage Ej..

Although the proposed dc-bus reconfiguration strategy can
be applied to isolate a faulty agent, or to extend the speed
range of an MMD, the focus of this paper is on the reconfi-
guration procedure itself. More specifically, this means that the
incentive for an agent to isolate or activate itself comes from an
external command, and not from the detection of a fault, or
from the operating point. Furthermore, the current and speed
set-points are kept constant during reconfiguration. As a result,
the speed will remain the same, but the torque will decrease
when an agent is isolated, and rise again when an agent is
reactivated. Although out of scope for this paper, these torque
changes can be avoided by letting the agents redistribute the

torque demand among the remaining active agents in a
decentralised way as explained in Refs. [9, 10].

1.2 | Outline

Section 2 gives an elaborate definition of the MMD architec-
ture presented in this paper, followed by an explanation of the
complete decentralised multi-agent voltage balancing control
scheme in Section 3. The procedures for agent isolation and
activation are discussed in Sections 4 and 5, respectively. The
case study presented in Section 6 validates the complete
reconfiguration strategy by means of both simulations and
experimental results for a multi-three-phase 4 kW segmented
armature torus axial-flux permanent magnet synchronous
machine (AFPMSM) with surface-mounted permanent mag-
nets consisting of five agents.

2 | MODULAR MOTOR DRIVE
ARCHITECTURE

A modular motor drive is created by segmenting the drive in 7
pole drive units (PDUs), each consisting of a motor module
(which is a stator core segment and its corresponding winding),
fed by a dedicated power electronic converter module (which
comprises a half-bridge inverter leg and a phase current
measurement in this work).

The motor and PE modules of modular motor drives that
consist of a multiple of three PDUs (i.e. 7 = 3 X p) can be
grouped into three-phase winding sets, fed by standard three-
phase 2L-VSIs. Each three-phase set is connected in a separate
neutral point, is equipped with a voltage sensor to measure its
local dc-link voltage vy, and is controlled by means of a
dedicated (micro) controller. A set of three motor modules,
three PE modules, a voltage sensor and its controller is called
an agent, as depicted in Figure 1. The PDUs are arranged in
such a way that they have a phase shift of 2m/3 electrical ra-
dians within an agent, and that the PDUs of neighbouring
agents ate shifted with 27/# electrical radians in this work. The
p three-phase 2L-VSIs of the agents are connected in series to
a single dc power supply providing the total dc-link voltage
Ey4., giving rise to a so-called stacked polyphase bridge con-
verter. A ring communication network is established between
the agents, making it possible for each agent to communicate

with its two closest neighbours (i.e. agent x € {1, ..., p} can
communicate with agent x — 1 € {1, ..., p} and agent x +
1e {1, .., phH.

However, the standard version of an agent, as depicted in
Figure 1 and described above, is not adequately equipped to be
isolated from the series connection, nor to be reactivated af-
terwards. Figure 3 shows the adaptations that are required for
this purpose. Next to the power electronic switches present in
the 2I.-VSI, two additional active switches are required per
agent: one as part of a neutral point switch, and one as part of a
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dc chopper. The purpose and functioning of these two addi-
tional hardware components will be elaborated upon in Sec-
tions 4.2 and 4.3, respectively.

3 | MULTI-AGENT VOLTAGE
BALANCING CONTROL

An important drawback of the stacked polyphase bridge con-
verter is the need for an active voltage balancing control in
motoring mode. The goal of this voltage balancing algorithm is
to ensure that the total dc-link voltage Ey. is divided equally
among the active agents. In this work, a completely decentral-
ised multi-agent voltage balancing algorithm is used for this
purpose, which is based on the algorithm presented in Ref. [13].
This algorithm avoids the need for a central voltage sensor to
measure the total dc-bus voltage Ey, as this is an additional
voltage sensor and a single point of failure. Furthermore, it does
not rely on a central or master controller (which is also a single
point of failure) to keep track of the number of active agents p,,
and to generate the voltage references Eq./p,. for these active
agents. The multi-agent algorithm hence extends the fault-
tolerance, reliability and scalability of the modular hardware

algorithm consists of three sub-algorithms, as schematised in
Figure 4:

1. a dynamic average consensus algorithm to determine the
voltage references 4., for the active agents in a decen-
tralised way,

2. the voltage balancing algorithm itself, which makes sure
that the dc-link voltages v4., of the active agents follow
their references Ty by adding small increments to the
current component references of the agents,

3. a decentralised current control algorithm that regulates the
current components of the agents to the current set-points
computed by the voltage balancing algorithm.

These three sub-algorithms are discussed in more detail in
the following sections.
3.1 | Dynamic average consensus for voltage

reference generation

The controller of each agent conducts a dynamic average
consensus algorithm to compute its own voltage reference. It is

towards the control. The multi-agent voltage balancing required that
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FIGURE 4 Detail of the controller of agent 2. In general, each agent x measures the voltage U4, over its 2.-VSI and communicates the parameters Tge x

and p, with its two closest neighbours (which are agent 1 and agent 3 for agent 2), in order to compute the average of the voltages over all the agents by means of
the dynamic average consensus algorithm (1) of Section 3.1. This average voltage Uq4c » is used as the voltage reference for the voltage balancer (4) of agent x, which
which are then fed to the independent, three-phase field

is explained in Section 3.2. The voltage balancer outputs agent-specific current set-points ij{,x and i;x,

oriented current controller of that agent, which is elaborated upon in Section 3.3. This decentralised current controller requires only information of agent x itself,
and determines the duty cycles 6 for the three-phase 2L-VSI which feeds the three concentrated windings of this agent x. A three-phase current measurement
provides feedback to the decentralised current controller. Each agent is able to isolate or reactivate itself independently from the other agents, by adapting its
dynamic average consensus algorithm, and by steering the switching of its 2I.-VSI, its dc chopper, and its neutral point switch. When an agent isolates itself from the
series connection, it first opens all the switches of its 2L-VSI and its neutral point switch to eliminate the back-EME, after which it discharges its capacitor by means
of its dc chopper. To reactivate itself, the agent uses its dc chopper to recharge its capacitot, after which its neutral point switch is closed again. The 2L-VSI can start
switching according to the duty cycles coming from the decentralised controller again.
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* cach agent x knows from itself whether it is active or not,
* each agent x has access to its own local voltage mea-
surement Ugc x,

e cach agent x can communicate with its two closest
neighbours (i.e. agent x — 1 and x + 1) by means of a ring
communication network.

The discrete-time dynamic average consensus algorithm
proposed in Ref. [28] is chosen in this work, because it is
robust to initial conditions, and it is able to track the average of
constant (or slowly varying) input signals with zero (or small)
steady-state error. For each agent x, the output Tgc of this

consensus  algorithm  tracks the time-varying average
P Vaeoy/ Pact X Edc/Pace of the local voltage measurements of
y=1 dc,y pact ~ Ldc pact cal voltag asu

all the active agents, which will serve as the reference voltage
for the voltage balancing algorithm of agent x.

At each discrete time instant & (with the voltage balancer's
update period Ty, = 1/f,;, between subsequent time instants),
all the agents are assumed to have exchanged their variables p,
and Tgc x with their two closest neighbours, and to update their
vatiables as follows [13, 28, 29]:

gelk + 1) = pge(k) + kp{ [Bacx (k) + (k)]

1_
- 5 ['vdc,x—l (/e) + Pt (k)] (13)

—% [Bacac+1(R) + puri (k)] }’

pelk +1) = pu(k) + ki{Tac (k)

- %T_Jdc,x—1 (k) — éadc,ﬁl (k) } )
Vien(k+ 1) = Vacns(k) — gu(k + 1) (1c)
with
Viers(B) = ave(k) 4 [1 — a]vge (k= 1), (2)
and
Vaex(k), if agent x is active;
ek = Paca-1(K) JZF D1 (k), if agent x is not active.

)

g and p, are internal state variables of agent x, and « is a
filtering constant. The filtering of the voltage sensor outputs by
means of (2) avoids that the voltage reference Tgcx is heavily
influenced by measurement noise, and, according to Ref. [14], it
enhances the stability of the voltage balancer. Analytical ex-
pressions for the parameters p, k, and k; can be found in Refs.
[13, 28, 29], which result in the fastest convergence of the
consensus algorithm.

3.2 | Active voltage balancing

The authors of Refs. [13, 14] propose to stabilise the dc-link
voltages by adding a stabilisation term with a gain g to the
original current component references i ..¢ and iq,rﬁf at each

update period Ty

i;x (k) = id,rcf(/e) + gid,rcf (k) [vdc,x (k) - @dc,x (k)] ) (49-)

i;,x(k) = iq,rcf(k) + giq,rcf(k) [”dc,X(k) - ﬁic,x(k)] . (4b)

When the capacitor voltage vy, of agent x is larger than its
reference Tgcx, the current set-points of this agent increase.
More current will be drawn into the windings of this agent,
resulting in a rise in the power P, of this agent as well:

3 ;- ;- . . .
Px = 5 |:R§ (lczi,x + l;,x) + w\Pmlq,x + LU(Ld — Lq) ld,xlq,x} ,

with R (2) the stator winding resistance, ¥, (Wb) the pet-
manent magnet flux linkage, Ly and L, (H) the stator winding
inductances, and @ (rad/s) the electrical speed. If the inverter
losses can be neglected, the inverter curtent i, of agent x (as

indicated in Figure 1) increases as well, according to the
following equation:

Py

Vdc,x

I
As the dc-link capacitance C (F), the capacitor voltage Ugcx
and the inverter current 7, have the following relation:

dvdc,x
dt

Ldc — Iy

this rise in Z, allows for a decrease in V4., The inverse happens
when Vg Is smaller than its reference Tgc x. The magnitude of

v 2 e 2. g . . o
the current vector 4 /2.~ +2,,” is limited t0 iy, and 2, > 0

to ensure motoring mode.

Due to the fact that the stabilisation term in (4) introduces
additional stator current ripple, and the fact that additional
reactive power is required to balance the capacitor voltages of
the agents, the efficiency of the stacked polyphase bridge
converter is slightly lower than for the configuration in which
all the agents are connected in parallel to the same dc power
source.

3.3 | Decentralised current control

Fach agent x regulates its current components zg, and iy
towards the set-points Zy, and i;x generated by the voltage
balancer by means of an independent three-phase vector PI
controller with sampling frequency f,. The PI parameters K,
and K; (which ate the same for all p agents, and remain un-
changed when an agent is isolated or activated) are tuned in
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such a way that a g-current set-point amplitude change in agent
x does not deviate the current components z4, and i, in the
other agents y with more than 13% of the magnitude of the g-
current set-point change. For this purpose, a multi-variable
frequency analysis as described in Ref. [6] is conducted,
which takes into account the internal magnetic coupling be-
tween the agents.

4 | AGENT ISOLATION

This section will cover the steps that need to be followed when
an agent wants to isolate itself from the series connection in
the converter. The flowchart for the isolation procedure is
presented on the left part of Figure 5.

4.1 | Voltage reference adaptation

As the working of the stacked polyphase bridge converter is
inherently unstable in motoring mode, it is of uttermost
importance that the voltage balancing remains guaranteed
before, during and after the isolation and reactivation of an
agent. The first step of the isolation procedure for an agent is
therefore to ensure that the voltage references Tg.x for the
voltage balancers (4) are generated correctly. When agent
isolates itself from the series connection, the total dc-bus
voltage E4. must be divided over the remaining active agents,
that is, the reference voltage generated by the dynamic average
consensus algotithm of Section 3.1 should evolve from Ey./p
(with p the total number of agents, including the isolating ones)
towards Eq./pac (With p,. the number of active agents only).
Therefore, it is required to remove the local voltage mea-
surement U4 from (1) by adapting it according to (3): when an
agent is not active, its input to its own dynamic average
consensus algorithm is altered to the average value of the dy-
namic average consensus algorithm outputs Tgc ,—1 and Ve r41
of its two neighbouring agents.

( start isolation procedure )

- adapt voltage reference according to (3) ( start activation procedure )
- open all six switches of 2L-VSI v
g = lgr = 0A - open all switches of 2L-VSI

* - charge capacitor with dc chopper

to eliminate back-EMF NO

¥

‘ discharge capacitor with dc chopper ‘

‘ open neutral point switch ‘

Vde,r—1 + Vde,rt1
vd(,.r>0v8%]

NO

- open dc chopper

- close neutral point switch

- adapt voltage reference according to (3)
- i3 and iy, from voltage balancer (4)
- start switching with 2L-VSI

v ¥

duty cycle for dc chopper == 1?
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FIGURE 5 Flowchart of the isolation (left) and activation (right)

procedure.

agent is activated )

4.2 | Back-EMF elimination

The back-EMF must be eliminated before lowering the dc-link
voltage to avoid rectification over the anti-parallel diodes of the
2L-VSI. This is accomplished by means of the neutral point
switch indicated in Figure 3. The neutral point switch is capable
of opening and closing the neutral point of the wye-connected
three-phase winding set of an agent. It comprises a three-phase
diode rectifier, which rectifies the three ac-currents of the
windings. As a result, only one additional unidirectional, active
switch is required to interrupt the current path in the three
windings of an agent, or to re-close its neutral point. However,
to avoid large voltage spikes over this active switch, the currents
in the agent's windings must be zero before the neutral point
switch can be opened. To de-energise the windings, all six active
switches of the 2L-VSI of the agent are opened, allowing the
remaining inductive currents to die out over the anti-parallel
diodes of the inverter legs, as illustrated in Figure 6. Once the
currents in the three windings are zero, the neutral point switch
can be opened safely. As long as the 2I.-VSI of agent 7 is not
switching, its current references 7y , and i;r are set equal to zero.

4.3 | Controlled capacitor discharge

As long as there are active agents in the converter, the de-link
current Z4. keeps flowing through the series connection. Since
an isolated agent does not inject current in its machine wind-
ings anymore (as previously explained in Section 4.2), this dc-
current has to flow through the capacitor of the isolated agent,
resulting in a rapid increase of its capacitor voltage in motoring
mode. However, when an agent is isolated from the series
connection in the converter, the intention is to decrease the
capacitor voltage of this agent towards zero. Two requirements
need to be satisfied for this purpose: the de-link current z4.
must have an alternative current path through the isolated
agent, and the capacitor of the isolated agent must be dis-
charged. A dc chopper is able to fulfil these two requirements.
It is indicated in Figure 3, and consists of a high power resistor
and a controlled semiconductor switch.

When the dc chopper switch is closed, the capacitor can
discharge, as is shown on the left side of Figure 7. The capacitor
discharge current ic, and the dc-link current 74, can flow
through the resistor in this case. When the dc chopper switch is
opened, the de-link current flows through the capacitor, causing
the capacitor voltage to increase. By controlling the duty cycle of
the chopper switch, the relative duration of the capacitor

E N E = W WY
B3t Rp ol
© =E}
J A
153 153 53 I WY
t=0"

FIGURE 6 Example of the phase current paths during normal
operation at t = 07, and when the switches of the 21.-VSI are all opened at
r=0"
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charging and discharging can be regulated. Consequently, the
voltage V4., over the capacitor can be controlled. A PI
controller with parameters K, .. and Kj . is used to determine
the duty cycle for the dc chopper switch, and a linear discharge
curve is followed. The discharge curve has a predetermined
slope s, and its starting voltage is equal to the measured capacitor
voltage vy at the beginning of this step.

The capacitor voltage vy, cannot drop below the voltage
over the dc chopper tesistor Rigq.. To minimise this voltage
drop, the resistance R should be chosen sufficiently small.
Howevert, a lower resistance R means larger currents through
the dc chopper switch as well. The choice of the resistance R is
hence a trade-off.

4.4 | DC-link short circuit

As mentioned at the end of Section 4.3, the dc chopper cannot
dectease the capacitor voltage of an isolated agent below Rig,,
even when the dc chopper switch is always closed. Hence, the
final step in the isolation procedure is to provide a low-
impedance current path for the dc-link current 4. This low-
impedance path can be formed by means of the switches of
the 2L-VSI of the isolated agent (in case they are healthy). To
avoid large currents when the remaining charge in the capacitor
is discharged in the on-state tesistances R,, of the inverter
switches, only one inverter leg is closed first, as can be seen on
the left side of Figure 8. The impedance of the current path is
hence equal to 2R,,. One sample period 7 later, all three
inverter legs can be closed, as is illustrated on the right side of
Figure 8, to minimise the impedance of the current path
further to 2R,,/3.

5 | AGENT ACTIVATION

When an agents wants to reactivate, a similar procedure can be
followed as the one for agent isolation described in Section 4,
but in the reverse direction. The flowchart for the activation
procedure is presented on the right side of Figure 5. First, the

iac Y tae +ic, l
io ) | B2 = B VY i‘l‘i 3 ¥ Aiz
T g% Jat
BT vy JJ e e KA
ON OFF

FIGURE 7 Current paths during the ON-state (left) and the OFF-
state (right) of the dc chopper switch.

e Y iac + ic, | ldc
i B¥ kit iixk EEEY WY
et |m 1 et |3
i J
% I3 g3 A1212 It 53 53 A4z
{

FIGURE 8 Caurrent paths during the de-link short circuit.

dc-link short circuit by means of the 2L.-VSI switches is lifted.
The dc-link current flows through the dc-link capacitor of the
agent again, making the capacitor voltage to increase in
motoring mode. The voltage can be increased according to a
predefined charge curve by means of the dc chopper control
elaborated upon in Section 4.3. When the capacitor voltage is
sufficiently high, the dc chopper is deactivated (i.e. the duty
cycle of the dc chopper switch is continuously zero), the
neutral point switch is closed, the integral action of the current
PI controller of the reactivated agent is reset, its 21.-VSI starts
switching again and the normal operation of the agent can be
resumed. The capacitor voltage is considered sufficiently high
when it is higher than the rectified back-EMF voltage, and
close to the reference voltage of its neighbours, that is, when
Vier > 0.8 ’Udc,r—l‘gvdc.r\ L

6 | CASE STUDY

In this paper, a multi-three-phase 4 kW segmented armature
torus axial-flux permanent magnet synchronous machine with
surface-mounted permanent magnets will serve as a case study.
This modular motor drive consists of 7 = 15 identical pole
drive units, and hence p = 5 agents. Its specifications are listed
in Table 1. Although every agent can be equipped with a
neutral point switch and dc chopper, only agent 5 has these
additional hardware components at its disposal throughout this
work. Therefore, only agent 5 is isolated and reactivated in this
specific case study.

The performance of the proposed decentralised, dynamic
dc-link reconfiguration strategy for motoring mode (including
the dynamic average consensus algorithm of Section 3.1, the
voltage balancer of Section 3.2, the current controller of Sec-
tion 3.3 and the isolation and activation procedures of Sec-
tions 4 and 5) will be validated by both simulations and
experimental results. The control parameters are summarised
in Table 2. The case study is conducted at a constant me-
chanical speed N of 700 rpm, and a constant g-current refet-
ence Zg ¢ of 7TA.

6.1 | Simulation results

6.1.1 | Methodology

The simulations are executed using Simscape™ in the MAT-
LAB® & Simulink® R2019b environment, with the variable-
step DAE solver for Simscape, and a maximum step size of
1/(200f;). The AFPMSM is modelled by means of a custom-
made Simscape block, based on a fifteen-phase state-space
model in the abc-reference frame. The machine parameters
(summarised in Table 1) are obtained by means of measure-
ments on the test setup. The stacked polyphase bridge con-
verter is modelled by means of standard Simscape building
blocks, with parameters obtained from the datasheets of the
components in the test setup. A representative level of white
noise is added to the dc-link capacitor voltage signals, in order
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to simulate the impact of measurement noise. It is assumed
that the speed is kept perfectly constant at 700 rpm during the
whole simulation.

TABLE 1 Drive parameters.

Parameter Symbol Value
Rated torque (Nm) T, 15
Rated current (A) I, 11
Rated speed (rpm) N, 2500
Number of pole pairs N, 8
Stator winding resistance (m&2) R, 65
Stator inductance (uH) Li=1, 309.95
Self and mutual inductances (uH) L, 316.00
sef1,2 ..,15 L= Lo 100
Lys=Le» 15.50
L s=1Ls 9.52
L4 =Losia 8.27
Lo s=Ligs 6.05
Ls,s—s = Ls,s+6 6.07
Ly =1L 5.31
Permanent magnet flux linkage (Wh) W, 0.02
Total dc-bus voltage (V) Eq 240
DC-link capacitance per agent (uF) C 220
Resistance dc chopper (Q) R 1

TABLE 2 Control parametets.

Parameter Symbol  Value

Dynamic average consensus

Update frequency of the voltage balancer (kHz) £, 2
Filtering constant a 0.1
Convergence rate P 0.6481
Proportional gain ky 1.6022
Integral gain k; 0.5093

Active voltage balancer
Gain (1/V) g 0.1
Maximum current limit (A) Trmax 10

Decentralised current control

Sampling and switching frequency (kHz) JA 10

Proportional gain K, 2

Integral gain K 200
Agent isolator/activator

Proportional gain K rec 0.1

Integral gain K e 0.5

Slope (V/s) s 500

6.1.2 | Agent isolation

Figure 9 shows the simulation results for the isolation pro-
cedure. Until £ = 2.5 s, all agents are activated, and hence
Pace = p = 5. The dynamic average consensus algorithm of each
agent x is able to track the average of all the local capacitor
voltage measurements Zﬁ:l'vdc,y /P~ Eq./p=240/5=48V
correctly, and to provide this as a smooth voltage reference
DVdex = 48 V.

As only agent 5 is equipped with a dc chopper and neutral
point switch, its capacitor voltage V4 5 is slightly lower than the
capacitor voltages over the other agents, due to the forward
voltage drop of the diodes in the neutral point switch. Its
voltage balancer (4) limits this voltage deviation by decreasing
the original g-current reference i . of 7 A to i;,s =58A. As
the modular AFPMSM used as a case study throughout this
paper has surface-mounted permanent magnets (i.e. Ly & L),
and no field-weakening is considered, 7,,.r is constantly zero,
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FIGURE 9 Simulation results. Agent 5 is isolated at t = 2.5 s.
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and hence iy, = 0 A as well. However, when ficld-weakening
would be applied, the voltage balancer (4) would influence
the d-current reference as well. The decentralised current
controllers are able to track the current set-points i;)x and i;x
well.

Att=2.5s,agent 5 receives an external command to start
its isolation procedure. Agent 5 immediately opens all six
switches of its 2I.-VSI, adapts its voltage reference generation
to the inactive state according to (3) and sets its current set-
points i:l,s and i;,s equal to 0 A. The current components i,
and 7,5 die out immediately. In the next sampling period 7,
agent 5 opens its neutral point switch, to eliminate its back-
EME During these two sample periods, the capacitor voltage
Vqc 5 tises uncontrollably, due to the de-link current Zq. that has
no other path to flow through than the dc-link capacitor of
agent 5. However, in the next period 7, agent 5 determines its
capacitor discharge curve, and starts regulating the duty cycle
of the dc chopper switch in order to follow this curve. The
capacitor voltage 4.5 indeed decreases at a rate s of 500 V/s,
as can be seen in Figure 9: 48/500 = 0.096 s later, v4. 5 has
decreased towards 6 V. At this point, the relative importance of
the voltage drop Riy. over the tesistor of the dc chopper is
considerable, and changing the duty cycle of the dc chopper
switch only has limited effect on vy 5. The integral action of
the PI controller of the dc chopper keeps increasing, until the
dc chopper's duty cycle equals one. At this point, which occurs
at t = 2.807 s, the dc chopper cannot further decrease vqcs
anymore, and the dc-link is short-circuited by means of the 2L-
VSI switches, as discussed in Section 4.4. Agent 5 is then
completely isolated.

It must be noted that during the entire isolation procedure,
the dynamic average consensus algorithm of Section 3.1
correctly tracks the average capacitor voltage over the
remaining four active agents. Also, the voltage balancers of
Section 3.2 of these active agents are able to follow the
reference voltage coming from their consensus algorithm. The
complete isolation procedure takes approximately 0.307 s to
finish. However, the majority of the dc-link changes have
already taken place after 0.096 s.

6.1.3 | Agent activation

Figure 10 shows the simulation results for the activation pro-
cedure. Until £ = 7.5 s, agent 5 is isolated, and hence p,.. = 4.
Hence, the capacitor voltages of the four remaining active
agents ate regulated towards Ey./pac. = 240/4 = 60 V.

At t = 7.5 s, agent 5 receives an external command to start
its reactivation procedure. It immediately undoes its dc-link
short circuit by reopening the six switches of its own 2L-
VSI, and starts regulating the duty cycle of its dc chopper to
follow its capacitor recharge curve. The capacitor voltage vgc s
indeed incteases with a slope s = 500 V/s, until it reaches 80%
of the value of the reference voltage of its neighbours at
t =7.579 s. In the meantime, the capacitor voltages of the four
active agents Vg, (x € {1, 2, 3, 4}) decrease towards 48 V
again, as do their references Tgc . At £ = 7.579 s, the switch of
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FIGURE 10 Simulation results. Agent 5 is reactivated at £ = 7.5 s.

the dc chopper of agent 5 is opened again. Its neutral point
switch is closed, and the normal operation of agent 5 is
resumed. This means that its voltage reference is generated
according to the active state in (3) again, its current set-points
iy 5 and 7, 5 are coming from its voltage balancer (4), and the
2L-VSI switches according to the duty cycles generated by the
PI current controller. The resumption of the normal activity of
agent 5 results in slight current and voltage transients, which
have died out at £ = 7.6 s. The complete reactivation procedure
hence takes 0.1 s to finish.

6.2 | Experimental validation

6.2.1 | TTest setup

The 4 kW segmented armature torus AFPMSM of the test
setup is depicted in Figure 11. It is working in motoring mode,
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while its mechanical speed is imposed by means of an induc-
tion load motor. The torque T, is measured with a Lorenz
DR-2112 torque transducer mounted on the shaft between the
AFPMSM and the load motor. The AFPMSM consists of 15
identical motor modules, grouped into five three-phase agents.
It is fed by means of a modular low-voltage scalable power
platform from Infineon, which comprises three PE modules
per agent. The five agents are connected in series to a single dc
power supply. Each agent is completed with a set of three LEM
LA 25-P current transducers, a dc-link capacitor and a voltage
sensor. Agent 5 is also equipped with a dc chopper and neutral
point switch, using the same OptiMOS™3 power-transistors
and 2EDIL23 gate drivers as for the Infincon PE modules.
As the high-side switches of the PE modules are driven by
bootstrap circuits, it is not possible to validate the dc-link short
circuit explained in Section 4.4 on the test setup.

Although the controllers of the five agents are completely
decentralised, requiring only the communication of p, and Tgc x
between neighbouring agents as depicted in Figure 4, they are
still implemented on the FPGA of a single MicroLabBox. In
this way, the communication frequency f;;, between the agents
is not restricted by a specific communication protocol. The
effect of f,, is discussed in Section 7. The controllers are built
on the FPGA of the dSPACE MicrolLabBox using the RTI
FPGA Programming Blockset (Version 3.10.1), which requires
dSPACE (release 2020-B), the Xilinx System Generator for
DSP Blockset and Xilinx Vivado 2020.1.

The measurement results are drawn and recorded from the
Microl.abBox by means of ControlDesk software at a sampling
rate of 10 kHz.

FIGURE 11 Test setup consisting of an induction load motor and (1)
a modular 4 kW AFPMSM with 15 motor modules. Each motor module
comprises a stator core with its concentrated winding. The motor modules
are grouped into five three-phase agents, with five separate neutral points.
Each agent is equipped with (2) a set of three current sensors, (3) and a
dedicated three-phase 2L-VSI (4) with its own 220 uF dc-link capacitor and
voltage sensor. All agents are connected in series to the same dc power
supply, in order to form a stacked polyphase bridge converter. Agent 5 is
also equipped with (5) a dc chopper, and (6) a neutral point switch. The dc
chopper consists of a power MOSFET in series with a resistor, connected
in parallel to the 2L-VSI of agent 5. The neutral point switch comprises a
three-phase diode rectifier and a power MOSFET. It is connected to the
three power terminals of agent 5 that can form its neutral point.

6.2.2 | Experimental results

The measured results of Figure 12 show that agent 5 can
repeatedly be isolated and reactivated. As the g-current refer-
ence Z‘q,ref of all the agents is kept constant at a value of 7 A, the
isolation of agent 5 reduces the torque by a factor of 4/5. The
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torque changes result in small speed disturbances. However, it
must be noted that the torque is never interrupted, neither
during the isolation nor the reactivation of agent 5.

Figure 13 presents a more detailed view of the experi-
mental results during the isolation procedure of agent 5. The
results are in good agreement with the simulations provided in
Figure 9, apart from the fact that the dc-link short circuit could
not be conducted on the test setup at t = 3.053 s (when the dc
chopper's duty cycle equals one, and the dc chopper cannot
reduce v4.5 any further), due to the bootstrap circuits in the
21.-VSI. The experimental validation confirms that the ma-
jority of the dc-link changes have already taken place after
0.096 s.

A more detailed view of the reactivation procedure of
agent 5 is presented in Figure 14. The experimental results
are again in good agreement with the simulation results of
Figure 10. However, the resumption of the normal operation
of agent 5 at t = 7.579 s is accompanied by more pro-
nounced current and voltage transients than anticipated by
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FIGURE 13 Experimental results. Agent 5 is isolated at ¢ = 2.5 s.

the simulation results. However, these transients have died
out after 0.1 s, just as was expected from the simulation
results.

7 | INFLUENCE OF THE
COMMUNICATION FREQUENCY

The communication frequency f,;, (which is also the frequency
at which the dynamic average consensus algorithm of Sec-
tion 3.1 and the active voltage balancing algorithm of Sec-
tion 3.2 are executed) does not need to be related with the
sampling frequency f; of the decentralised current controllers
of Section 3.3. As a result, the communication frequency fvb
can be lower than the sampling frequency f; (which is set equal
to 10 kHz), in order to enable the use of state-of-the-art
communication protocols [30]. Figure 15 illustrates the
experimentally obtained effect of f,, on the reconfiguration
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FIGURE 14 Experimental results. Agent 5 is reactivated at t = 7.5 s.
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FIGURE 15 Measured effect of the communication frequency fy;, on

the reconfiguration time ¢, and the current set-point ripple MAD (l;)

dynamics, and the ripple generated in the g-current set-points.
The impact is parametrised by means of the reconfiguration
time ¢,, and the mean absolute deviation (MAD) of the current
set-points i*_’x from their initial reference 7, .. The parameter ¢,
is defined as the average of two time periods:

* the time period during which the voltage vg4.5 is
decreasing at a rate s when agent 5 is isolated (which
corresponds to the period between the start of the isola-
tion at t = 2.5 5, and the knee point in v4.5 at £ = 2.596 s
in Figure 13);

* the time period that is required for the convergence of all
the capacitor voltages vy after the reactivation of agent 5
(which corresponds to the period between t = 7.5 s and
t = 7.6 s in Figure 14).

The parameter MAD (i;) is computed as the average of

the parameters MAD (z;x) of all the agents x € {1, ..., 5}:

ZZ)%J“ - Z;x
MAD (zqyx) -——— (5)

with Z the number of samples used for the calculation. The
values depicted in Figure 15 are averaged over three different
operating points (i.e. [Eqc = 75V, iy = 3 A, N = 200 rpm],
[Eac = 175V, iges = 3 A, N =200 rpm] and [Eq. = 240V, 7,
ref = 7 A, N =400 rpm]). The fact that E4. is lower than 240 V
in two of these three operating points (while the slope s re-
mains equal to 500 V/s) reduces the teconfiguration time ¢, for
b = 2 kHz to less than the 100 ms that are observed in the
experimental results of Figures 13 and 14.

In general, it can be concluded that both the reconfiguration
time and the ripple in the g-current set-points increase when the
communication frequency is lowered. Indeed, when fvb is lower,
the capacitor voltages have more time to diverge in between two
updates of the voltage balancer, and hence more time and a
larger control effort are requited to stabilise them again.

8 | CONCLUSION AND FUTURE WORK

A modular motor drive fed by a stacked polyphase bridge
converter comprises multiple three-phase agents, each con-
sisting of a three-phase winding set, a 2L.-VSI and a dedicated

controller. The agents can communicate by means of a ring
network, and they are all connected in series to a single dc
voltage source. This type of drive still faced the challenge that a
faulty agent could not be isolated from the series connection in
motoring mode, and that the limited dc-link voltage per agent
imposed a limit on the speed. Therefore, a multi-agent dc-bus
reconfiguration strategy was proposed in this paper, which
allows the agents to isolate and reactivate themselves in the
series connection. For this purpose, the hardware needed to be
extended with only two active unidirectional switches per
agent: a neutral point switch to eliminate the back-EMF during
isolation, and a dc chopper for controlled capacitor discharging
and recharging. Besides the hardware alterations, also the
control strategy was discussed. The dedicated controller of
each agent comprised a dynamic average consensus algorithm,
an autonomous voltage balancer and a decentralised PI current
controller to keep the dc-link voltages stable, even during
reconfiguration and motoring mode. The benefits of this
control strategy include that only local measurements and
computations are required. The control is hence completely
decentralised and easily scalable. Both simulations and mea-
surements on a 4 kW test setup demonstrated that dc-bus
reconfiguration is feasible with the proposed strategy. They
confirmed that the dc-bus can be reconfigured in 100 ms,
without torque interruption.

In future work, the control strategy can still be further
developed to allow the agents to isolate or reactivate them-
selves based on their health status or the operating point.
Furthermore, the multi-agent control strategy can be extended
to let the agents automatically redistribute the torque demand
among the active agents only, hence avoiding a decrease in
torque when an agent is isolated, or an increase in torque when
an agent is reactivated.

NOMENCLATURE

21.-VSI two-level voltage source inverter

(AF)PMSM  axial-flux ~permanent magnet synchronous
machine

back-EMF  back electromotive force

MMD modular motor drive

PDU pole drive unit

PE power electronic

a filtering constant

C dc-link capacitance per agent

Eq total de-link voltage

fob update frequency of the voltage balancer

A sampling and switching frequency

g gain of the active voltage balancer

iy capacitor discharge current

ldset lgref  Ofiginal current component references from the
user

ldx> lgx current components of agent x

i;x, i;’x current component set-points for agent x after
the voltage balancer

Lrmax maximum current limit

k discrete time instant (with 7y, between subse-

quent time instants)
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k; integral gain of the dynamic average consensus
algorithm

K integral gain of the decentralised current
controller

Ki e integral gain of the agent isolator/activator

ky, proportional gain of the dynamic average
consensus algorithm

K, proportional gain of the decentralised current
controller

Ky ree proportional gain of the agent isolator/activator

Ly L, stator winding inductances

n number of pole drive units

N mechanical speed

0] electrical rotor speed

Y. permanent magnet flux linkage

p number of agents

Dact number of active agents

Dx internal state variable of the dynamic average

consensus algorithm of agent x
G internal state variable of the dynamic average
consensus algorithm of agent x

p convergence rate of the dynamic average
consensus algorithm

r agent that is isolated or activated

R dc chopper resistance

R, stator winding resistance

R,, on-state resistance of the inverter switches

s slope of the linear capacitor discharge curve

t continuous time instant

T, sample petiod

Tep update period of the voltage balancer

Vdex dc-link capacitor voltage of agent x

Ve x capacitor voltage reference of agent x

Ve f filtered voltage input for the dynamic average
consensus algorithm of agent x

Uy voltage input for the dynamic average consensus

algorithm of agent x
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