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Abstract—In this article, a cascade-free model predictive control
(MPC) scheme without the outer dc-link voltage control loop is
proposed for the back-to-back converter-fed permanent magnet
synchronous machine drive system. Specifically, the voltage regu-
lation term is integrated together with the power regulation term
into a newly constructed cost function so that the control of dc-link
voltage as well as power can be realized by a single cost function.
To predict accurately and to reduce the sensitivity to variable
parameters, the expressions of dc-link voltage and power are dy-
namically corrected, thus enhancing the robustness. In addition to
presenting no tracking deviation in steady state, the dc-link voltage
also presents smaller deviation from reference and faster recovery
time in dynamics. It is beneficial to enhancing the reliability of
system since the voltage surge on power switches and diodes has
been reduced. Besides, controllable power flow, sinusoidal phase
current, and well-regulated electromagnetic torque can be achieved
in the system as well. A series of experiments are carried out to test
the feasibility of the proposed scheme. Performance comparisons
with the classical proportional integration controller-based MPC
and the modified cascade-free quasi-centralized MPC validate the
improvements of the proposed control scheme.

Index Terms—Back-to-back converter, cascade-free model
predictive control (MPC), permanent magnet synchronous
machine (PMSM).

I. INTRODUCTION

WING wing to the merits, such as bidirectional energy
flow, controllable power factor, sinusoidal grid-side cur-
rent, adjustable dc-link voltage, high energy conversion effi-
ciency, and full-variable speed operation, the permanent magnet
synchronous machine (PMSM)-based back-to-back converters
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have been an attractive drive topology for wind energy con-
version system [1], [2], [3] and industrial drive. The research
works of back-to-back converter-fed PMSM system mainly
focus on their open-switch fault diagnosis [4], [5], fault-tolerant
operation [6], [7], high-performance control scheme [8], [9], etc.
For a high-performance control scheme, a pulsewidth modula-
tion strategy is developed in [10] to cancel the common-mode
voltage by synchronizing the commutations between grid-side
converter (GSC) and machine-side converter (MSC). In[11], the
discontinuous space vector pulse width modulation (SVPWM)
is adopted to increase system efficiency by reducing the switch-
ing action of power devices, and the increased common-mode
and phase-to-ground voltages are reduced to values similar to
that of the general modulation method. In [12], a hysteresis
current controller is adopted to control MSC and GSC, but
power tracking errors exist due to the inaccurate model. The
proportional-integral (PI) controller-based double closed-loop
control method is the most classical. In this scheme, an outer
voltage PI controller is applied to generate power/current ref-
erence, and the inner feedforward decoupling controller is ap-
plied to achieve reference tracking [13]. However, this linear
controller has a limited bandwidth, which tends to present a
slow dynamic response. To accelerate the dynamic response,
direct power control and direct torque control, which directly
selects the optimal vector from a predefined switching table in
an intuitive way, are developed in [14] and [15] to replace the
inner feedforward decoupling controller for reference tracking,
but high power/torque ripple can be introduced into the system.

Considering its advantage of being able to reach a reference
value with a fast dynamic response while satisfying a set of
constraints, model predictive control (MPC) has been widely
studied [16]. By making use of the inherent discrete nature of
power converters, MPC evaluates the effect of each possible
switching vector on the concerned variables in a predefined
criterion and selects the optimal one that can minimize the dif-
ferences between the concerned variables and their references.
In [17], a long prediction horizon MPC is developed to control
the back-to-back converter-fed PMSM system. Although the
increased prediction horizon helps enhance the steady-state con-
trol performance, solving optimization problem is challenging
and time consuming since the associated computational burden
increases exponentially with the length of the prediction horizon.
Thus, the finite control set MPC is the most widely applied [18].
Predictive direct power control is a widely applied method in
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various drive systems. In [19], [20], and [21], it is adopted
to control the rotor-side converter in the doubly fed induction
generator drive system. In [22], instead of selecting a certain
switching vector, the developed scheme adopts the switching
time in addition to the switching vector to minimize the devi-
ations from reference for the regulation of a three-level T-type
inverter. Although an additional degree of freedom is enabled by
choosing a variable switching point, the method complexity is
also increased. In [23], amodel predictive direct flux/power con-
trol is developed to reduce the computation burden by only eval-
uating the switching vectors selected from the newly designed
switching tables. However, most MPCs in literature, including
the references above, are adopted as an inner loop of the outer
PI controller, which constructs the conventional PI controller-
based model predictive control (PI-MPC). A dc-link voltage PI
controller is always necessary to generate reference for MPC to
control the back-to-back converter with PI-MPC [24]. This is a
typical cascaded control structure because MPC is nesting inside
the external voltage PI control loop [25], [26]. In order to further
enhance the dynamic response of the system, a cascade-free
method, which can remove the external dc voltage control loop,
was developed in [27]. In this method, the power reference inside
the cost function is directly obtained based on a power loss-less
conversion assumption, i.e., the grid-side active power reference
is computed by adding the desired load power and capacitor
power. The calculated active power reference, which does not
take the power converter losses, line losses, etc., into account,
will be lower than the value it should be, which leads to a negative
dc-link voltage bias. In addition, the voltage control performance
is limited by the predefined number of intervals to reach the
reference. If a faster tracking response on dc-link voltage is
desired, a small value should be chosen for that number, but it
will lead to large steady-state voltage ripple and large capacitor
current. Zhang et al. [28] extended the above concept into a
back-to-back converter by developing a quasi-centralized model
predictive control (QC-MPC) scheme in which the active power
reference inside the cost function is computed by assuming that
the newly-updated voltage reference is reached at the next time
instant. However, voltage tracking error still exists due to the
adoption of the power loss-less model. To provide a solution for
this problem, Zhang et al. [29] compensated for the voltage offset
by adding the accumulated error into the active power reference
inarevised QC-MPC. However, the response time of this scheme
is subject to the reference prediction horizon. A small reference
prediction horizon increases the dc-link currents and voltage
fluctuation, but a large one prolongs the dynamic response time.
In this manuscript, a cascade-free control scheme is proposed
for the back-to-back converter-fed PMSM system, and the main
contributions are as follows.

1) Achieve cascade-free control: In PI-MPC, a dc-link volt-
age PI controller is always essential to produce power
references for MPC in the back-to-back converter-fed
PMSM drive system. It is a cascaded structure because the
MPC is nesting inside the external voltage PI control loop.
In this manuscript, a cascade-free MPC scheme without
an additional voltage PI controller is proposed, which
realizes the well-regulated dc-link voltage, controllable
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Fig. 1. Grid-connected PMSG system.

power flow, sine phase current, and near-unity power
factor.

2) Construct a new cost function: A cost function integrating
the dc-link voltage regulation term and power regulation
term together is constructed, so that the control of dc-link
voltage and power can be realized by a single cost function.
During the cost function assessment, the switching vector,
which is able to produce a smaller dc-link voltage error
at the future time instant and is able to simultaneously
produce an active power capable of further narrowing that
voltage error, is chosen for the next time instant.

3) Improve system robustness: To predict accurately under
variable parameters, the corrections for voltage and power
expressions based on Luenberger observer are added to the
proposed control scheme to remove the steady-state devi-
ation even under the variable parameters, thus improving
system robustness.

The rest of this article is organized as follows. First, the
dynamic models of each part of the system are introduced in
Section II. Then, the conventional PI-MPC, modified cascade-
free QC-MPC schemes, and the proposed control scheme are
presented in Section III. Afterward, experimental performance
comparisons of the schemes are illustrated in Section I'V. Finally,
Section V concludes this article.

II. SYSTEM MODELINGS AND MPC PRINCIPLE

In this section, the back-to-back converter-fed PMSM drive
system illustrated in Fig. 1 is described in detail and the dis-
crete expressions are given. The variables in abc stationary

—ab
plane EZ C, x € {m, g} (m denotes machine-side variables and
g grid-side variables) can be mapped into a3 stationary plane
by the amplitude-invariant Clarke transformation matrix M ¢
=d
and then mapped into dq rotating plane EIq = [¢d,£9]T by Park
transformation matrix M p.

A. System Modelings

With the forward Euler discretization, the dynamic models of
PMSM can be converted into the discrete models at time instant
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k + 1 as follows:
—rdq k
7
[T 1 — R |t E]

m

Tl 1] = l

1
7qu_<MTo ) ¢))

Lwt,s wm’e[k]
Tm,e[k + 1] = 1-577';077[}7"7;7% [k + 1]

where U,y imy Rm,87 Lm,sa wra sz Tm,es Tm,my Wm,m> Wm,e»
ny, and T, denote the stator voltage, stator current, stator
resistance, stator inductance, flux linkage, motor inertia,
electromagnetic torque, load torque, mechanical angular speed,
electrical angular speed, pole pairs of the generator, and
sampling period, respectively, and Iy = diag(1, 1). The stator
voltage 7%1 can be regulated through configuring the power
switches in MSC

Lins

1
Wik = MpMo | S =5 > Sulk) | sl
y=a,b,c
2)
where ?ab‘ =199,8% .51, ug. denotes the dc-link volt-

age, and SY,,y € {a,b, c} denotes the phase switching state of
PMSM.

The discrete power models of GSC of time instant k£ + 1 can
be described as

Gl -[or ] G
[y }(5}2 jZD
o 3)
ugelk + 1] = uge K] {( abelk]) 7 abek]
— (Se[k DT bc[k]}

where eg,ug,14, Rg, Lg,Pg,qq, and C are grid-side voltage,
converter voltage, grid-side current, filter resistance, filter in-
ductance, active power, reactive power, and capacitance of dc-
link capacitor, respectively. The converter voltage 735 can be
regulated through configuring the power switches in GSC

735 (k] = Mc ?gbc - = Z SYIK] | wac[k] (4)
y a,b,c
where ?abc = [Sg, S, b.S C] and S} denotes the phase switch-

ing state of GSC Sh1ft1ng forward one T on (1) and (3) obtains
the discrete models at time instant & + 2.

B. MPC Principle

In MPC, the effect of each possible converter switching vector
on the concerned variables is calculated according to the predic-
tive model, and the optimal one, i.e., S'Zpl[k], selected during
[k, k + 1] should be applied during the entire time interval of
[k, k + 1] in an ideal case. However, in a practical system, the

time delay in digital implementation makes S’(;pt[k] cannot be
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implemented to power switches at time instant & in time [30].
To address this problem, time delay compensation is considered
in MPC so that the optimal switching vector gzpt[k‘] for interval
[k, k + 1] can be got during interval [k — 1, k] and applied at
time instant k. The cost function J,, z € {m, g} with time delay
compensation is defined as

Jo (SP[k+1]) = min ey,
To (S¥elk 1) =g 157 -

Jo (8%[k + 1))

LEvAR v @

where f, [k + 2| denotes concerned variables predicted based

on the possible switching vector ?;bc [k + 1] of time instant

k+1, S"Zpl[k + 1] denotes the optimal switching vector of time
instant k + 1, F; denotes the references of the concemed vari-
ables, and (,, represents the system constraint. According to their
nature, the terms in the cost function can be sorted into differ-
ent groups to facilitate the adjustment procedure of weighting
factors A ¢, and the branch and bound method illustrated in [31]
is commonly used to tune Ay in various cost functions (the cost
function with equally important terms, the cost function with
secondary term, etc.). Constraint (, is introduced into the cost
function to limit the concerned system variables within a safe
range, and it is given by

0, if
Cac =

oo, if

o (Sl 17)|| < o

(Bt )| > ey

where h, and hL'®* denote the mathematical expression and
maximum of the concerned system variables, respectively. The
following cost function is adopted for the selection of the optimal
switching vector for MSC:

Im (?";‘;’f [k + 1})

= ||Te = Tk + 2|7 + i — i [k + 2]
+{0, if ([ Tom, e [+ 2][| < [|rme]|
00, if ||[Tme[k 4+ 2]|| > ||rmax||
Cm,rme
0, if |7 %k + 2] < flamex)
oo it [Ttk +21] > i) v
Cmoigg

where G r,,. and (p, i, denote the constraints for torque and
current limitation, respectively.

III. CONVENTIONAL AND PROPOSED CASCADE-FREE
CONTROL SCHEMES

A. Modified QC-MPC Schemes

For conventional PI-MPC, a dc-link voltage PI controller is al-
ways necessary for the regulation of back-to-back converter [24],
[28]. The control structure is cascaded, as the inner MPC is
nesting inside the outer voltage PI control loop.
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Without outer dc-link voltage PI control loop, the QC-MPC
scheme achieves voltage regulation according to the dynamic
reference generation concept [27]. In this concept, the dc-link
voltage set point ug, ., is not fully given to the controller at one
time, and a reference prediction horizon N is adopted to specify
the actual dc-link voltage reference of each time instant uj [28]

1
u:lc = Udc [k] + F (uzc,oc — Ude [k]) . (8)

To reach uy, at the next time instant, the grid-side active power
reference p; can be estimated by [29]

3(eg)”  |9(e)’  3(e)’

Po = ~\| 16rR2 2R,

Pg.de 9

where p, 4. denotes instantaneous power of the MSC and dc-
link capacitor, and eg denotes the d-axis component of grid-side

voltage. Then, ?Zpt [k + 1] can be selected by evaluating
Jgqc (S5 [k +1])

= |Ip; — polk +2||° + 2 ||a, — aglk + 2|

FElaP Fg-‘l
+ he e — el + 2]

Fgu

0, if ||[S,[k+2]|| < |lsmax
L 1 _’g[ ] Hsg || (10)
0o, if ||Sglk +2]|| > [|sdax||

Ca

where 5, = [py, q,]" and ¢; denotes the grid-side reactive power
references.

In this QC-MPC scheme, the dc-link voltage tracking per-
formance heavily depends on Ny, and N, serves as a tradeoff
between response time in dynamics against dc-link voltage rip-
ple in steady state [27]. To improve the dynamic performance of
the QC-MPC, a modified QC-MPC is proposed. In the proposed
modified QC-MPC, a dynamic reference prediction horizon is
adopted for (8) to compute the actual dc-link voltage reference
of each time instant

N, = Ns,st — CTe Hu:;c,oo - udc[k]H

(1)

where N, g represents the reference prediction horizon used in
steady state, and ¢, € R represents the regulation coefficient.
It aims to reduce the dynamic response time by reducing N
while achieving a satisfying steady-state dc-link voltage control
performance. However, tracking dc-link voltage set point by
strictly specifying the actual reference for each time instant is
still the core of QC-MPC.

B. Proposed Cascade-Free Control Scheme

Ideally, actual inductance and resistance (L, and R ), should
be used in the discrete power expression in (3) for prediction to
get an accurate result. However, it is a condition that cannot be
met easily in reality. In the practical system, it is the nominal
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inductance and resistance (L, ,, and R, ,) that are used for
prediction, and the actual inductance and resistance will change
in different operating conditions, which results in steady-state
deviations in power. In addition, since the voltage expression
in (3) ignores the equivalent resistances of semiconductors and
diodes, it is a rough prediction and the steady-state deviation on
dc-link voltage will be produced if it is directly used for voltage
prediction.

Luenberger observer not only can be used to enhance the
robustness of the system against mismatched parameters but can
be used to improve the performance affected by measurement
noise. To eliminate the steady-state deviations on power, the
uncertainties caused by parameter variations are regarded as
dynamic disturbances, then the power expression of (3) can be
rewritten as

T, Ry
(pg[k+1]) _ == ~Tswy (pg[k]>
qqlk + 1] wy T, 1—%%ﬂ qglk]
3T T, (6 [k;])
+ T[k] — —= ( Q9P 12
2L9,n [] Lg,n (69’11[]{;] ( )

where 4,4, and d, , are the disturbances in active power and
reactive power expression, respectively. The grid-side input
power is the sum of the power of PMSM and dc-link capacitor
in an ideal case because of the power balance

duge(t) _ C dul.(t)
dt 2 dt

uge (£)C =pg(t) = Top cWmm(t). (13)
Since power converter loss, line loss, etc., in the realistic case are
not considered in (13), steady-state deviation on dc-link voltage
will be generated if it is used for voltage prediction. To predict
accurately, the unconsidered power converter loss is regarded
as a disturbances d,4., then the discrete form of (13) can be
modified into
2 2TS * 2
ugelk + 1 = === (pglk] = 7 ctom m k] + duac[F]) + ugc[K]
(14
After combining (12) and (14), the system state-space equation
can be obtained as follows:

Ak +1) = {Oig ﬂ AlK]
N————
M4
eg[k] — ug (K]
3ﬂ[ﬂﬂ e [k] — ul[k] (15)

2Lg_’n 03><3

M K]
where

A = (pg, gy, “Zm 09,9 99,4 5udc)T

T

. 00
H=| 0 -2 o0
0 g,n %
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Fig. 2. Control structure of the proposed cascade-free control scheme.
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Then, the state-space equation based on Luenberger observer,
which is used to remove the voltage and power deviations under
variable parameter, can be obtained as follows:

R ) 3T 63[ ] — Uy (]
Alk+1] = MAAJK] + =M p[k] | e/ [k] — b [K]
2L n *
9 Tm,ewm7m[k]
+ M (X[K] — X[K]) (16)
where X = (pg, qg,uix,pwqp,u?ﬂ)T,_/X\ represents the esti-

mated variable of X, the coefficient diagonal matrbg M7, can be
determined by the pole placement method [30], and A represents
the estimated variable of A. Then, the obtained d, ,, 4,4, and

Sudc can be used to correct the prediction model. The following
term is used for dc-link voltage regulation:

Py (S8 +11) = e — vaclk +2)

E, .

— ug [k + 2]) +¢p (p:; —pglk + 2])H2

Rg.u

+ || (e 00 (17)

where R, ,, and L, are used to control dc-link voltage and
active power of time instant k& + 2, ¢, € Ris for active power
regulation, and p} is the power of PMSM, namely 7, Wi, m[k].
Then, the cost function of the proposed control scheme is defined
as

—abc
Jy.cF (Sg [k + 1]) = Fyu+ Fyq + Co. (18)

The control structure of the proposed cascade-free control
scheme is presented in Fig. 2.

Since the terms in the cost function can be controlled by
MPC to approach zero to realize the reference track, assume
that R, ,, and F, ,, in (17) are equal to zero in the interpretation
below. Besides, the generator mode of PMSM corresponding
to a negative pj, is taken as an example for description. In the
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proposed control scheme, the voltage set point ug, ., is directly
adopted in Ej ,, as the reference to compare with the dc-link
voltage produced by every switching vector at time instant k + 2,
so the switching vector that leads to the smaller dc-link voltage
error tends to be chosen. If a switching vector will produce a
de-link voltage smaller than its reference ug, . at time instant
k + 2in K ,,, this switching vector is the optimal one only when
it also will transmit less power back to the grid than the produced
PMSM power due to Ry . It means if uj, % > ui.[k + 2]
for a switching vector, not all the power produced by PMSM
should be transmitted to grid by that switching vector (i.e., p; <
Pglk + 2]). In this way, the dc-link capacitor can be charged by
the remained power produced by PMSM, thereby reducing the
voltage error. When wugc[k + 2] reaches u. ., py[k + 2] equals
P> which means all the power produced by PMSM is transmitted
to the grid in steady state. As can be found above, the switching
vector, which is able to produce a dc-link voltage closer to the
reference and is able to simultaneously produce an active power
capable of further narrowing that voltage error, is chosen for the
next time instant.

C. Stability Analysis

According to Kirchhoff’s voltage law, the following state
equations can be obtained (the models are eventually derived
in discrete-time format by applying the forward Euler method
of La(t) = 7x[k+£ﬁ[k}):

@y lk+ 1] = Ay (K] — @, (k] + By [k - w, [} + H,[k]

(19)

where y € {m, g} represents the variables of machine (m) and
grid (g) sides, respectively.

It can be seen that the inductance is involved in the state, input,
and feed-through matrices, i.e., A,[k|, By[k], and H ,[k]. The
nominal inductance used in the controller is denoted as L,, while
the actual inductance value is denoted as L,,. The predicted value
of the state variables based on the nominal value can be obtained
as

where ¥ and u!) stand for predicted values of the state and input
variables, respectively. As the control period of the current loop
is 50 us, both the inductance and resistance in the system are
small enough to ignore. Thus, the system matrix Ay used here
is simplified as I = diag(1, 1). Then, the input voltage vectors
uP[k] can be calculated by

wjlk] = By k] (@l + 1]~ H K] — A K] @, [K])
(2D
Applying (21) into (19) gives

@y e+ 1] = Ay[K] - @y (6] + MK] (256 + 1] — H, [k

A K] @y k) + H K] (22)

where z stand for measured values of state variables, and

MIk] = By[k] — By[k]"". Since xb[k 4 1]  will approach
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Fig. 3.
and MSC. (c) Voltage and current transducers. (d) Power modules. (e¢) PMSM
and its load motor. (f) Yokogawa DL850. (g) Yokogawa WT1800.

Laboratory setup. (a) TMS320F28335-based control board. (b) GSC

[k + 1], so the following expression holds:

w 1] = Tlaplk 1]+ (1 - ﬂ) zrk]. (23)

Yy Ly

The closed-loop transfer function in discrete format becomes

Ly
W) _ L* (24)
w(z)  z-1+4 ke

Based on the “bounded-input bounded-output” stability criteria

from the classic control theory, the system in this work is stable

if and only if all roots of F'(z) = z — 14 7% are inside the unit
Y

circle [32]. Thus, when Ey € (0,2L,), the system will be stable.
ol = |1 -

<1 25)

h|b«r
<

<

IV. EXPERIMENTAL EVALUATION

The proposed cascade-free control scheme is evaluated on a
practical laboratory setup shown in Fig. 3, and its experimental
comparisons with PI-MPC, modified QC-MPC, and PI control
scheme with modulator are presented. The scheme calculation
time of PI-MPC, modified QC-MPC, proposed control scheme,
and PI control with modulator are 14.7, 14.1, 15.4, and 14.4 us,
respectively. It can be found that the control schemes consume
similar calculation time in the microcontroller. The calculation
time of around 15 us indicates the time of the core code con-
trol program, namely, the duration related to how to calculate
their respective switching vector in different control schemes.
The core code is the main difference between different control
methods, but for the whole interrupt, it takes around 43 us for
each control scheme to complete a whole interrupt. Table I lists
the hardware configurations of several main components in the
laboratory setup. The experimental parameters concerning the
MSC, GSC, and control data are itemized in Table II.

The experimental results of the proposed cascade-free control
scheme at the rated speed of 1500 r/min are presented in Fig. 4
to show the steady-state regulation performance. For the PMSM
side, the electromagnetic torque is set to —12 N - m (the yellow
dash on the upper left of the torque curve denotes ON - m),
and the sinusoidal stator current of around 4.3 A (rms value)
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TABLE I
HARDWARE CONFIGURATIONS OF MAIN COMPONENTS
Hardware Manufacturer Type

DSP TI TMS320F28335

IGBT module INFINEON FF300R12ME4

Current transducer LEM LA25

Voltage transducer LEM LV25

Incremental encoder HEIDENHAIN  ERO1420

TABLE II
EXPERIMENTAL SYSTEM PARAMETERS
Description Parameter ~ Value Description Parameter Value
GC PMSG

Voltage Frequency — wg (rad/s) 100w Pole pairs np 4

. . Permanent-magnet
Filter resistance Ry () 0.1 . b, (Wb) 0.388

flux linkage

Filter inductor Lg (mH) 12 Stator inductor L, s (mH) 11.7
Phase voltage eg (V) 180 Stator resistance Rin,s () 0.985
DC-link capacitor ~ C' (uF) 100 Rated torque Tm,e (N-m) 12
Control period Ts (ps) 50 Rated speed N, e (t/min) 1500

wHain> 50 ms/div

S sl A

200 V/div DC-link voltage ( ;)

20,V/div DC-link voltage ripple (e, ) j

PMSM torque (Zm.)

SRR

Fig.4. Experimental results of the proposed control scheme at rated operating
condition (1500 r/min, —12 N - m).

10 Nm/diy.

is obtained to reach the reference torque. For the grid side, the
energy produced by PMSM has been continuously transmitted
into the grid to keep a stable dc-link voltage under the proposed
scheme. The dc-link voltage has been boosted to 500V, and
the difference between the actual and reference dc-link voltage
(i.e., €, = Uge — ugcm) is defined to evaluate the regulation
quality of dc-link voltage, and it is observed that the dc-link
voltage ripple has been regulated within =3 V. In this process,
the sinusoidal grid-side current in the opposite phase with the
grid-side voltage is obtained because the reactive power has been
kept around O Var. The switching frequency of the finite control
set-model predictive control (FCS-MPC) is almost fixed in a
steady state. In the system with the proposed control scheme,
the equivalent switching frequency is around 3 kHz at the rated
operating condition.
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The dynamic performances of PI-MPC, modified QC-MPC,
and the proposed cascade-free control scheme in different oper-
ating conditions are tested and compared. Besides, for a better
comparison, the dynamic performances of PI control scheme
with modulator are also added, and its switching frequency is
set to be the same (3 kHz) as that of the proposed control scheme.
In the implementation of the aforementioned four schemes, the
grid-side voltage, grid-side inductor, dc-link capacitor, operating
state of PMSM, semiconductors, etc., are kept the same.

The experimental results under abrupt torque change at rated
speed are shown in Fig. 5. The dc-link voltage increases at the
moment when torque decreases from 12 to —12N - m since
PMSM suddenly starts to produce power instead of consuming
power. Although the direction of active power flow is reversed
under these abrupt torque changes, the dc-link voltage can be
pulled back to its reference by transmitting the active power to
the grid in time under the controls of the four schemes. As can
be seen from the curves, the peak errors of dc-link voltage e,, are
20, 18,12, and 22V for PI-MPC, modified QCMPC, proposed
scheme, and PI scheme with modulator, respectively, and the
recovery times of dc-link voltage are around 200, 100, 50, and
300 ms, respectively. The proposed scheme has a better dynamic
regulation performance compared with the other three schemes
since it presents the smaller peak error and faster recovery time.

The experimental results under abrupt reactive power changes
at the rated operating state are presented in Fig. 6. The change
of grid-side reactive power reference from —1000 to 1000 Var
affects the dc-link voltage due to the coupling between reactive
power and active power. The dc-link voltage in the proposed con-
trol scheme presents a smaller decrease of —3 V, in comparison
with —5 V of the modified QC-MPC, —6.5 V of the PI-MPC,
and —7 V of the PI scheme with modulator. Since the dc-link
voltage in the proposed control scheme is least affected, it is also
the fastest to return back to the reference. The recovery times
of dc-link voltage in the proposed control scheme, modified
QC-MPC, PI-MPC, and PI scheme with modulator are around
20, 50, 200, and 350 ms, respectively.

Experimental results under abrupt speed changes are pre-
sented in Fig. 7. At —12 N -m, the operating status of the
PMSM changes from generating mode to motoring mode as
the speed changes from 1500 to —1500 r/min. Correspondingly,
the phase of grid-side current changes from being in the opposite
direction to being in the same direction as the grid-side voltage.
It indicates that the operating status of GSC is changed from
transmitting power in the machine-to-grid direction to providing
power in the grid-to-machine direction to keep a constant dc-link
voltage. Speed, unlike electromagnetic torque, is a mechani-
cal parameter, so the change of speed direction results in a
slower operating change for the system, which gives the control
schemes more time to respond. It can be seen from the curves
that the modified QC-MPC and the proposed control scheme
present satisfying dc-link voltage regulation performance since
both of them are hardly affected during this regulation. But,
compared with modified QC-MPC, the proposed control scheme
has a slightly smaller voltage peak error during this dynamic
regulation, and both of their peak errors are smaller than that of
the PI-MPC and PI scheme with modulator. The peak errors
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o Fig. 7. Experimental results under abrupt speed changes (from 1500 to
—1500 r/min) at —12 N - m. (a) PI-MPC. (b) Modified QC-MPC. (c) Proposed
control scheme. (d) PI control scheme with modulator.
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TABLE III
COMPARISON DATA UNDER VARIOUS TEST CONDITIONS

Peak errors of R
Recovery time

Test conditions Control schemes DC-link voltage (ms)
ms
V)
PI-MPC 20 200
Abrupt torque change Modified QC-MPC 18 100
from 12to -12 N-m Proposed control scheme 12 50
PI control with modulator 22 300
PI-MPC -6.5 200
Abrupt reactive power changes Modified QC-MPC -5 50
from -1000 to 1000 Var Proposed control scheme -3 20
PI control with modulator -7 350
PI-MPC 6 200
Abrupt speed changes Modified QC-MPC 4 Hardly affected
from 1500 to -1500 r/min Proposed control scheme 3 Hardly affected
PI control with modulator 6 400
P:A  -1.0873 kw PA -1.2103 kw |Pza -1.3321 kw PsA  -1.4364 kw PA -1.5541 kw PzA  -1.6569 kw
QA -0.0004 kvar QA 0.0023 kvar |aza 0.0012 kvar QzA 0.0001 kvar A -0.0016 kvar QsA 0.0016 kvar
SIA 1.1064 kva SIA 12218 kv |szA 1.3485 kva SIA 1.4528 kva S3A 15704 kva S2A 1.6715 kva
Ithdt 4798 % Ithdt 4400 x | 1that 3857 x Ithd 3758 % Ithdt 3434 % lhdt 3289 %
MA  -0.9827 AA -0.9858 WA -0.9878 A -0.9887 AA  -0.9896 WA -0.9913
()
P:A - -1.0820 kw P:A - -1.2130 kw P:A -1.3378 kw PsA -1.4574 kw PIA  -1.5876 kw PiA - -1.6980 kw
@A 0.0023 kver QA -0.0004 kver QzA | -0.0001 kvar QA 0.0010 kvar Q:A  -0.0021 kvar A 0.0002 kvar
S3A 1.1011 kva S:A 1.2303 kva S2A 1.3528 kva SzA 14741 kva  |s3A 1.6032 kva S3A 17121 kva
Ithd 4756 % Ithdl 4250 % Ithdt 4007 % Ithd! 3823 % Iihd! 3489 % Ihdt 3311 %
A -0.9826 AA - -0.9860 WA -0.9889 asA  -0.9887 AsA -0.9903 oA -0.9918
(b)
PsA - -1.0859 kw PsA  -1.2095 kw PsA | -1.3356 kw P:A  -1.4560 kw P:A  -1.5824 kw PsA -1.7001 kw
QA 0.0009 kvar QA -0.0013 kvar QsA  -0.0028 kver QzA 0.0028 kvar QsA  -0.0032 kvar QsA  -0.0020 kver
SIA 1.1058 kva S:A 12219 kva  [S3A 1.3526 kva SzA 1.4720 kva SIA 15976 kva S:A 1.7142 kva
It 4054 % 1thdt 3985 Ithd1 3788 % Ithd1 3556 Ithd1 3.367 % Ithdl 3.207 %
A -0.9820 AA  -0.9850 lazA -0.9875 aA - -0.9891 psA  -0.9905 aA - -0.9918
©
P:A -1.0835 kw PzA -1.2140 kw P3A -1.3356 kw P3A -1.4550 kw P3A -15803 kw PsA - -1.6990 kw
QA 0.0018 kvar Q:A  -0.0006 kvar QA 0.0023 kvar QA 0.0002 kvar QzA  -0.0008 kvar QsA 0.0007 kvar
SIA 1.1016 kva SIA 1.2307 kva SIA 1.3511 kva SIA 1.4705 kva SIA 1.5944 kva S:A 17118 kva
Ithd1 39% % Iihdt 3805 1hdt 3605 % Ithdt 3317 % Ithd1 3231 % Ithdt 3038 %
2A_ -0.9836 aA 09864 AA_ -0.9885 2sA_ -0.9901 aA 09912 AA_ -0.9926
(d
Fig. 8. Power analyzer screenshots at different speeds (from left-hand side to

right-hand side: 1000, 1100, 1200, 1300, 1400, and 1500 r/min). (a) PI-MPC.
(b) Modified QC-MPC. (c) Proposed control scheme. (d) PI control scheme with
modulator.

of dc-link voltage are around 6, 4, 3, and 6 V for PI-MPC,
modified QC-MPC, proposed control scheme, and PI scheme
with modulator, respectively.

The experimental data of PI-MPC, modified QC-MPC, pro-
posed control scheme, and PI control scheme with modulator in
the aforementioned dynamic tests, which reflects their transient
performances, are summarized in Table III. It can be found that
the dynamic regulation performances of all three MPC-based
control schemes (PI-MPC, modified QC-MPC, and proposed
control scheme) are obviously better than that of the PI control
scheme with modulator. Furthermore, compared with the other
two MPC-based control schemes, the proposed control scheme
presents a faster dynamic response during the transients of the
abrupt changes of torque, reactive power, and speed since it
presents smaller peak errors and shorter recovery time.

The experimental data of the four control schemes from
the power analyzer screenshots (Yokogawa WT1800E), which
reflect their steady-state performances at different operating
speeds, are presented in Fig. 8. As can be seen from the
current total harmonic distortions (THDs) (Ithd;) and power
factors (> A) in Fig. 8, the PI scheme with modulator has
a slightly better steady-state regulation performance than the
three MPC-based schemes at the same switching frequency,
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Fig. 9. Experimental waveforms of proposed control strategy under mis-
matched inductances.

but it has the slowest regulation performance in transients (as
presented in Table I). However, the steady-state performances
of the MPC-based schemes are comparable to that of the PI
scheme with modulator since the MPC-based schemes can also
control the current THDs below 3.5% and keep the grid-side
power factors above 0.99 at the rated operating condition.

Considering that the model accuracy is more affected by the
changes in inductance than resistance, the case of mismatched
inductances is adopted to test the control performance of the
proposed control scheme, and experimental results are presented
in Fig. 9. Without the disturbance estimation, steady-state de-
viations would appear on the power curves when there is a
difference between the inductance adopted for prediction in the
discrete model and the actual inductance. It will intuitively be
reflected on the power factors since the reactive power can no
longer be controlled to near zero due to the mismatched induc-
tances. The nominal values of grid-side inductor L, ,, and PMSG
inductor L, ,, are set to linearly increase from 50% to 150% of
their actual values at the same time inside the controller. The
grid-side current THDs are around 3.5% and the PMSM current
THDs are around 9.5%if L, ,, and L,,, ,, are adopted. When L, ,,
and L,, ,, are set to 50% and 150%, grid-side current THDs are
around 9.06% and 3.96%, respectively, and the PMSG current
THDs are around 15.34% and 11.03%, respectively. As can be
seen from Fig. 10, the reactive power, whose 0Var is indicated
by the “T” on the left-hand side of it, is always maintained
to near OVar without deviation. The control performance does
degrade as the inductances deviate from their actual values, but
the system remains stable. Besides, there is no steady-state error
in the reactive power even though the mismatched parameters
are adopted for prediction.

V. CONCLUSION

In this manuscript, a cascade-free control scheme is proposed
for the back-to-back converter-fed PMSM drive system. Instead
of using the nested control structure with an outer voltage PI con-
troller, the proposed control scheme regulates the dc-link voltage
and power flow directly via one cost function by reconstructing
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its regulation terms. To predict accurately and to improve system
robustness under variable parameters, the online corrections
for voltage and power expressions are added to remove the
steady-state deviation. A series of experimental comparisons
against the conventional PI control scheme with modulator,
PI-MPC, and modified QC-MPC has confirmed the effectiveness
of the proposed control scheme. On the one hand, the proposed
control scheme can realize a steady-state performance compa-
rable to that of the PI control scheme with modulator at the
same switching frequency. At its rated operating condition, the
dc-link voltage ripple is within = 3 V and the current THDs are
below 3.5 %. On the other hand, the proposed scheme presents a
better dynamic response on voltage regulation during the abrupt
changes of torque, reactive power, and speed, compared with the
other three control schemes. In addition, the proposed control
scheme has no steady-state power deviation, which indicates
good robustness, even if the mismatched parameters are adopted.
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