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Model Predictive Control of Load Commutated
Inverter-fed Synchronous Machines

Thomas Besselmann, Stefan Almér and Hans Joachim Ferreau

Abstract—The paper at hand considers torque regulation of a  Conventional Pl-based control approaches typically assig
variable speed synchronous machine fed by a line commutated different tasks to the two control inputise., the rectifier and
rectifier and a load commutated inverter. The proposed contol inverter firing angles. The inverter angle is used to regulat

approach is model predictive control where both the rectifie th fact f th hi d is tvoically ch f
and inverter firing angles are considered as control inputs. € power tactor o the machine and IS typically chosen from

Conventional controllers assign different tasks to the retifier and @ look-up table by feed forward control. The rectifier angle i
inverter firing angle. In contrast, the model predictive cortroller  used to control the DC link current. The fact that the MPC
coordinates the firing angles and this improves the dynamic @-  controls the rectifier and inverter angles without pregrssig
formance and disturbance rejection. In particular, the proposed tasks to them implies a potential for better disturbancecrej

controller handles line side under voltage conditions betr than a fi | ticular. in th f a disturb o the Ii
conventional PI controller. The nonlinear model predictive torque ion. In particular, In the case of a disturbances 1o the line

controller has been implemented on an embedded system andVoltage the PI would only adjust the rectifier angle while the
applied in an experimental test bed. The experiments confirm MPC would adjust both firing angles. The MPC approach is

that the controller is able to successfully ride through lire side thus expected to handle larger disturbances to the linagelt

under voltage conditions. In recent years there has been considerable interest in MPC
Index Terms—AC motor drives, Synchronous machines, Pre- for control of converters and electric machines. Howeveg, t
dictive control, Availability. focus of most research has been on voltage source converter

topologies. In the present paper we consider a synchronous
machine fed bycurrent source converters. To the best of our
knowledge, MPC has not been applied to LCI-fed synchronous
HE SUBJECT MATTER of this paper is torque control ofmachines prior to the presented line of research. Recerk wor
T a variable speed synchronous machine connected to €tecontrol of LCls, employing other methods than MPC, can
grid via a line commutated rectifier and a load commutatdx¢ found in [8], [9].
inverter (LCI) [1]-[4]. This type of variable speed solutits The literature on MPC of power electronics is to a large
often the preferred choice in high power applications, nagg extent focused on so-called finite control set model praaict
from a few megawatts to over a hundred megawatts, [5], [@Jontrol (FCS-MPC), see.g., [10]-[12]. In FCS-MPC, the
The work is motivated mainly by electrically-driven gagonverter switches are controlled directly. The state @& th
compression plants which are often situated in remote Iwitches (on/off) is represented by binary variables ared th
cations and operate under weak grid conditions. Weattentrol problem is thus a pure integer optimization problem
phenomena occasionally produce sudden sags of the gflis problem is usually solved by enumerating all possible
voltage, which can cause the drive to trip, interrupting\ere binary combinations over the prediction horizon. The FCS-
aborting the gas compression process. The goal of this wdieC approach has certain drawbacks, including very short
is to design a more agile torque controller to increase tiediction horizon, chattering and unpredictable and time
system robustness to external disturbances. In partjowkar varying switching frequency.
want to improve the ability to reliably ride through powes¢o ~ The drawbacks of FCS-MPC are mitigated by considering
situations due to grid faults and deliver torque duringipart the use of a modulator which maps a continuous control
loss of grid voltage, [7]. variable, such as a duty-cycle or a firing angle, to switching
The model predictive control (MPC) approach proposed @&ftion, seeeg., [13]-[18]. The control approach outlined in
this work minimizes the deviation of the torque from théhe present paper belongs to the later class of methods which
reference while respecting constraints on the state antlatonconsiders a continuous control variable.
inputs. The MPC formulation considers both the rectifier and Implementing the model predictive controller requires to
inverter firing angles as control inputs and stabilizes ti@ Dsolve a constrained nonlinear, nonconvex optimizatiorbpro
link current and rotor flux while tracking the torque refezen lem in real-time. This is a challenging task as our appleati
requires a sampling time of one millisecond and the embedded
The authors are with ABB Corporate Research, Segelhofetra, 5405 computing power is limited. Solving nonlinear MPC problems

Baden-Dattwil, Switzerland (e-mail: thomas.besselmach@bb.com; ste- in sych a situation requires both a careful problem fornoat
fan.almer@ch.abb.com; joachim.ferreau@ch.abb.com). d hiahl ffici f-th L i
Digital Object Identifier 10.1109/TPEL.2015.2511095 and highly efficient, state-of-the-art optimization algfoms.

©2015 IEEE. Personal use is permitted. Permission from IE&Et In this paper, we follow the promising approach of auto-
be obtained for all other uses, in any current or future meitieluding generating customized nonlinear MPC algorithms that are
reprinting/republishing this material for advertising momotional purposes, . .
creating new collective works, for resale or redistribotim servers or lists, tailored to the prOblem at hand based on a Symbo"c prOblem
or reuse of any copyrighted component of this work in otherkso formulation as proposed in [19].
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Fig. 1: Variable speed drive system comprised of line com- 0 . 40 360
mutated rectifier, inductive DC link, load commutated irteer
and synchronous machine. _
g
)
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A preliminary version of this work was presented in the s
conference paper [20]. The paper at hand extends this liné
of research (@) in its theoretical content by providing a enor
detailed description of the dynamic model of the system at
hand and of the proposed control system; and (b) in its prac-
tical content by presenting an experimental validationhef t 3
proposed control solution, which required the impleméatat g
of a nonlinear MPC algorithm on an embedded platform. %

The paper is organized as follows. In Section Il we describe
the synchronous machine and the load-commutated invArter. . .
mathematical model of this system is presented in Sectibns | 0 120 240 360
and IV. The developed control solution including the MPC ' '
torque controller and the state estimation is described irs
Section V. Section VI contains experimental results. Hjnal
conclusions are drawn in Section VII.

The subindices ‘d’ and ‘g’ represent the components ing
the rotor-aligned dg-reference frame, whereas the sutesdi 1T . .
‘X’ and 'y’ represent components of the stator-aligned xy- 0 120 240 360
reference frame, [21]. Estimated variables are marked with electrical angle [deg]

hat (.e.7). Note that all quantities in this paper are normalized
quagtitigs g pap Fig. 2: AC and DC side voltages of a six-pulse thyristor beidg

over one period of the AC side voltage. The thin lines show
I c S c S the line-to-line voltages on the AC side. The thick lineswho
- ©URRENT SOURCELONVERTERS ANDSYNCHRONOUS 0 g\vitched voltage of the DC side for different values @ th

MACHINE firing angle.
The paper considers a variable speed drive system composed

of a line commutated rectifier, inductive DC link, load com-

mutated inverter and a synchronous machine, see Fig. l.nkglect phenomena such as commutation overlap, thyristor
the considered configuration the rectifier and inverter sbnsrecharge time, forced commutation at low speeds, asymenetri
of six pulse thyristor bridges. However, the proposed adntrgrid conditions or intermittent operation at low DC current
scheme can easily be adapted to other configurations, such as

twelve pulse bridges and poly-phase synchronous machinega Thyristor Bridge DC \oltage

was considered in [20]. This type of drive systems is suéabl The DC side voltage of the thyristor bridges in Fig. 1

for high power applications ranging from a few megawatgg a switched waveform which is constructed by switching

to over a hundred megawatts. Such applications include hiQQtween the AC side line-to-line voltages. The principle is
speed compressors and rolling mills.

Th trol inbuts (sianals t b iulated by th illustrated in Fig. 2 where the sinusoids represent the-tine
€ control inputs (signals to be manipufated by the COf o voltages on the AC side and where the thick lines ilkitstr
troller) are the firing anglex of the line side rectifier and

the DC side voltage for a few different values of the firin
firing angle g of the machine side inverter. Furthermore, th S votag W dl vaiies nng

&ngle which ranges from to 180 degree. The firing angle
excitation fluxy is controlled by an excitation voltage. The g 9 9 g ang

able 1o b trolled is the ai ¢ duced By t etermines the time instant of the switch from one lineite-|
variable o be controfled s the air gap forque produced by oltage to another and this determines the average valueof t
synchronous machine.

DC side voltage. For a firing angle of degree the thyristor
bridge operates identical to a diode bridge, where the nihsta
Ill. THYRISTORBRIDGE MODEL value of the line-to-line voltages determines which diodes
The present section describes how the DC side voltage arwhducting. Larger firing angles represent the time delay of
AC side current of the thyristor bridges are modeled. For tliee thyristor bridge switchings compared to the switchiofjs
sake of simplicity we assume instantaneous switchings aadliode bridge.

0 120 240 360

ltage [p
o
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Fig. 3: DC side approximation: Approximate relation betweeFig. 4: AC side approximation: Stator current and its funda-

AC and DC voltages of a thyristor bridge. The DC side voltagaental, and stator voltage of the synchronous machine. The

is approximated by a cosine of the firing angle. power factor is determined by the anghkebetween current
and voltage.

For the purpose of control, we describe the average value of
the switched DC side voltage as a function of the firing angle.
The thyristor bridge DC voltage is approximated by a cosine
of the firing angle as illustrated in Fig. 3. The approximatio
is intuitively clear considering the waveforms in Fig. 2. A
derivation can be found in [22]. The thyristor bridge can
operate as rectifier and as inverter, depending on the clbice
firing angle. Neglecting the switching we have

Fig. 5: Machine state in rotor oriented reference frame.
Urec & kyuy cos(@),  uiny = k1||Us]| cos(5), 1)

whereurec anduijn, are the DC side voltages of the line side
and the machine side thyristor bridges, respectivilyis a ) )
constanty is the amplitude of the line voltage andJ,|| is The MPQ torque controller is based_on the dynamic model
the amplitude of the stator voltage, [23]. of the DC link and synchronous machine developed below.

We note that the thyristors can be turned on at any time, but
they can only be turned off by reducing the current runningy. Control Input, State and Parameters
through them to zero. Thus, the off-switching of the thymist  In deriving a dynamic model of the system suitable for
is state dependent. This is neglected in the control model. torque control, we first decide which system quantities to
model as states and which to consider as parameters. Cer-
B. Thyristor Bridge AC Current tain qu_antities are assumed to vary Sl_JfficientIy slow to be
approximated as constant when regulating the torque and are
The AC side inverter current is illustrated in Fig. 4. Theonsidered as parameters. These quantities are the litsggol
ideal waveform (neglecting commutation time [24]) is pieceamplitudew,, the mechanical rotor angular frequency the
wise constant. For the purpose of control, the AC curreghgle § of the stator voltage w.r.t. the rotor and the rotor
is approximated by its fundamental component, which iscitation fluxv;. We note that the rotor excitation fluy
illustrated by the dashed line in Fig. 4. is controlled by a separate Pl controller which adjusts the
The modulator of the inverter, which takes the angland excitation voltage to controly. The decision to treats as
controls the switching, places the stator current at aneangl parameter is motivated by the fact thatis controlled in
{3 to the stator voltage. and thus controls the power factor @lbsed loop. The design of the excitation control is not dis-
the machine. The dq reference frame is rotor oriented and #@ssed in this paper The control variable (excitation gs)a
angles of the stator voltage in the dq frame therefore appeagsis therefore not considered in the sequel.
in the dynamic equations below. The angular relationshipsThe state of the system consists of the DC link currigat
of the machine state is illustrated in Fig. 5. Note that thend the machine damper winding flux linkages and trq.
direction of positive current is different for the synchoms The state is described in the rotor oriented rotating frasee,
machine and the thyristor bridge model, such that in Figi 5,Fig. 5. The control input is the rectifier firing angte and
is the angle between the stator voltage and the negativar statverter firing angles.
current.
Approximating the stator current by its fundamental coms  gate Dynamics
ponent and transforming it into the dg-frame yields

IV. PREDICTION MODEL

Let ¥, and I, be the vector of damper winding flux

L ~ Jooi cos(—f + 9) 5 linkages and currents respectively. The damper flux linkage
s N Raide | G gy 5| @ satisfies [25]

wherek, is a constant and wheredenotes the orientation of i\pr _R,I,, R,:—uwn [—Td 0 ] 7 3)

the stator voltage in the dg-frame. dt 0 —rg
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wherergq andry are the damper winding resistances and where id)f ~0. (11b)

wy is the nominal rotor frequency. We note that the equations dt

are in per unit, so that the units of the left and right han@ sicdApproximation (11a) is a standard assumption in control of
above match. A reformulation of the current-flux relatioris ccurrent source fed synchronous machines [24]. In this paper
the synchronous machine is provided in the appendix. Usittge approximation is made to obtain an explicit expressun f
expression (29) in the appendix for the vector of damp&f, as a function of the state. Note that only the effect of
winding currents, the damper flux linkage dynamics can ke stator current derivative on the stator voltage is gt

written as whereas the derivative of the DC current (which is related
d to the derivative of the stator current) enters the preaficti
7 ¥r = A% + BL + Fuy, (4)  model by means of equation (7). Approximation (11b) is

motivated by the fact that the excitation flux is controlled b
a separate controller as discussed in Section IV-A. Mongove
A:=R.M,, B:=RM;, F:=R,Mj, (5) the excitation flux varies considerably slower than the othe

_ _ state variables.
and whereM;, My, M3 are defined in (29) The approximation y|e|ds

Inserting approximation (2) in (4), we get the following J
differential equation for the damper winding flux linkage U, ~ R.I, + 1\/155\1,r + wS(MyI + Ms®, + Mgty).
d , —B8+0 12
S, = AW, 4 kB {‘;?j((_g ! 55] FFU () (12)
Inserting expression (4) into the expression above yields
We note that the dynamics are nonlinear and that the nomlinea

where

term links the damper winding flux linkage and the DC link U ~ Ty (wr)Ls + Ta(wr) Wy + Ta(wr) iy, (13)
current. )
The DC link current dynamics are described by where

d 1 ‘ ' (wr) := Rs + M5B + w,SMy,
Eldc = L_dc ( — Tdcde 1 Urec + Uinv)a (7) To(wr) := M5A + wSMs, (14)

whereLqc, 74c are the inductance and parasitic resistance of the L3 (wr) := M5F + wiSMs.

DC link inductor and whereuec anduiny are the DC voltage  apniying the averaged approximation (2) we finally obtain
of the rectifier and inverter bridges, respectively. the following (approximate) expression fer.
We adopt the average model (1) described in Section Il ’

above to describe the relation between the AC and DC sidg . |cos(=B +9)
voltages of the rectifier and inverter. The line voltage a'urnpldﬁS N kol (wr) e L:in(—ﬁ + 6)] + D(wr) e+ Ty wr)r.
tudew, is a parameter in the MPC problem formulation. The (15)
stator voltage amplitudgUy|| of the machine is a (nonlinear)
function of the system state. In order to formulate a state
space model for the damper winding flux linkage and DC ling  Torque Expression
dynamics we need to make this relationship explicit, whih i
done next.

Let Ug and ¥ be the stator voltage and stator flux, re
spectively. Stated in the dg-reference frame, the statbay®e
satisfies the voltage equation

The MPC problem formulation penalizes the deviation of
the torque from a given reference and we therefore need an
expression for the torque. The torque is given by

te = wsdisq - 1ZJSqisda (16)

Us = RJI + %‘Ils +wSWy, (8) where ysq, 1sq isa, isq are the stator fluxes and currents.
Using the flux linkage equations (29)-(30) and the averaged
approximation (2) of how the stator current depends on the

R — [7“5 0] S — {0 —1] ) inverter firing angle, the torque can be expressed as a mamlin

s 0 rs|’ 1 0} function of the system state

where

wherers is the stator resistance. The flux satisfies the relation o [cos(—B +8)]’ cos(—B + &)
te ~ (k2idc) {sin(ﬂ + 5)] SM, [sin(ﬂ +9)

. |cos(—B+ 4
see (30) in the appendix for an outline on how to derive the + kalde Lin((ﬁ I 5))] S (M5%, + Met)y) .

matricesM,, M5, Mg. To obtain an expression fdd, as
a function of the state we substitute expression (10) injo (8
while applying the approximations D. Model Summary

d The dynamic model of the synchronous machine, converters
= ~0 (118) and DC link used in the MPC problem formulation is

W, = Myl + Ms W, + Mgy, (10) } (17)
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Fig. 6: Overview of the proposed control solution for loadmoutated inverter-fed synchronous machines.

control input without any fundamental changes to how the

d  [eos(—=B + 8) optimization problem is solved, which is described below.
%‘Ilr =AW, + k2Bigc {sin(—ﬁ n 5)] + Fy, (182)  Model predictive control allows for the intuitive obsenzan

d 1 of constraints on inputs, states and outputs. In the apfita
Ez‘dc = To (—7rdcidc + wky cos(a) + || Ul k1 cos(B)) at hand we limit the eligible firing angles and request an uppe

(18b) bound on the DC current,

. S| — ) Qmin S o S Omax; min S S max; { S v ,max» 20
Us _ I‘l(wr)ldc |:COb( ﬂ + ):| + Fg(wr)‘Ilr + FB(‘W)#H; a 6 6 6 a dc dc,ma: ( )

sin(—f +9) 18 for some application-dependent bounds. The optimal cbntro
(18c) problem can thus be stated as
b (i) cos(—f +9) /S cos(—f +9) r}xnél (19) s.t. (18),(20) (21)
e = (k2igc) sin(—f + 0) * sin(—p4 +0) 7

In order to solve the optimal control problem (21), it first
+ koige [COS(_B + 5)} S(Ms%, + Mgy), (18d) needs to be discretized in time to yield a finite-dimensional

sin(—5 +9) numerical optimization problem. If the dynamic model were

where the matrices are defined in (5) and (14). linear, one would only need to perform this problem dis-
cretization once before the actual runtime of the controlle

V. PROPOSEDCONTROL SOLUTION In that case, the only computational effort to be performed

A simplified block diagram of the proposed control soluti
is shown in Fig. 6. Parts of the solution are state of the
and have been discussed in previous work,esge[22], [26].

o n-line would be to solve a convex quadratic programming
i;pP) problem. Recent years have seen a rapid development of
on-line QP solvers that are able to solve such kind of linear

: ; ; PC problems in the milli- or even microsecond range on
For brevity we thus focus on the innovative part of the cdntrg/I
system, being the model predictive torque controller and glmbedded hardware, seg. [16], [27], [28].

extended Kalman filter (EKF) for rotor state estimation. However, since our system modgl is_nonlinear, Opt'mal
control problem (21) does not result in a QP problem, but in

- a general nonconvex nonlinear programming (NLP) problem.
A. Model Predictive Torque Controller This has two main consequences: first, we are forced to dis-
At each sampling time, the model predictive controllecretize problem (21) on-line at each sampling instant; séco
takes an estimate of the system state as initial conditioh awe need to employ a method for solving NLP problems (see
minimizes a finite time horizon cost integral subject to the.g. [29] for an overview). Among the methods for solving
dynamic constraints of the system and constraints on the stLP problems are sequential quadratic programming (SQP)

and input. The cost criterion is methods. One paticular SQP method tailored to solving non-
KTot Ty linear MPC problems is the so-called real-time iteratiofIjR

J ::/ (te — t3)? dT, (19) scheme with Gauss-Newton approximation of the second-

kTs order derivatives [30]. At each sampling instance, the RTI

whereTs is the sampling period]}, is the prediction horizon scheme not only discretizes problem (21) in time but also
length andt} is the torque reference. We note that the cosbmputes first-order derivatives of the state trajectoryhwi
criterion can be augmented to penalize state variables aedpect to the initial state value and the control movesglon
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Ws xy, Is,xy Wy

- T 2) Sator estimation: The purpose of the stator estimator
o - EKE _wf, is the deduction of stator current and stator_ flux. Since no
- (24) M g e o measurements of the stator current are available, therstato
* ; estimator deduces the DC link curreijt from the line side
’ currentI;; and the stator winding currerdt ., = [isy, isy)’
Fig. 7: Block diagram of the rotor estimation. from the DC link currenty. and the switching positionscms

of the machine side thyristor bridge. The currentin the D li
flows through the stator as well, and the switching positions
the horizon (also called sensitivities). In doing so, onpts indicate which phases are connected to the DC link. Thus an
a discrete-time linearization of the optimal control perh| estimate of the stator current can be deduced.
which corresponds to a convex QP problem. For solving Taking the stator winding current and voltage in xy-
this QP problem efficiently, we choose to eliminate all staigordinates and using the so-called voltage model
variables from the QP formulation to arrive at a smallettesca
dense QP problem, which is then solved by the embedded
variant of the on—Iing QP splver qp_O_ASES [31]. . U. = R.I, + i‘IJS, (22)
In order to obtain a highly efficient implementation of dt
the nonlinear MPC algorithm, namely the SQP-based RTI
scheme as sketched above, we make use of the code generation - s
functionality of the ACADO Toolkit [19]. This software take an e_st|mate_of the_stator sy = [ihsx, sy can be
a symbolic formulation of the control problem and allow&Ptained by integration.
the user to automatically generate customized nonlinea€ MP 3) Rotor estimation: Subsequently the stator current and
algorithms that are tailored to the specific problem stmectu the estimate of the stator flux are the inputs to the rotor
The resulting C code is self-contained, highly optimized arestimator, which provides estimates of the rotor positind a
able to run on embedded computing hardware. In our case, the rotor fluxes,.e.the excitation and damper winding flux
MPC controller runs on ABB'’s controller AC 800PEC, whichinkages. A block diagram of the rotor estimator is depidted
is based on a 32-bit Power PC processor with a clock spegigure 7, [1]. The rotor estimator is comprised of an estamat
of up to 600 MHz and also includes an FPGA and a 64-hif the rotor angle and an extended Kalman filter. Supplying
IEEE floating point unit. On this platform, the controllershathe EKF with an estimate of the rotor angle has improved the
been shown to execute in less thamillisecond. estimation accuracy.

This rotor angle estimate can be derived as follows. By
B. Sate Estimation means of the transformation matrix

The MPC assumes that measurements or estimates of the
entire system state := [z/;rd; Vrgs idc]/ and of the param- [ cos(6r) sin(6r)
eterp := [u, ¢, wr, 6] arefed to the controller at each P(0r) := [ sin(6r) Cos(er)] g
sampling time. In the present paper we nat assume that
these quantities are measured. Instead, they are estifated
an observer. The input to the observer are quantities whiegh &hich links the dq and the xy reference frame, the upper part
typically measured in an industrial application. Thesethge Of the flux-linkage equations (27) can be reformulated as
grid voltageUy, the grid currenil; and the stator voltag¥®s,
see Fig. 6. While the DC currend; and the line side voltage ) ) ‘
magnitude can be deduced directly from the line side currentp {wsx} _ [Lsd 0 ]p [Z_SX} — [Lmd 0 H“d + ﬂ )
I, and voltageU,, respectively, other quantities such as the Sy, 0 L tsy 0 Lmg brq
damper winding flux linkagal, require a more sophisticated T
approach. This section shows how the estimates are obtained (24)
See e.g. [1], [22], [26] and the reference therein for more
details on state estimation in synchronous machines. _ ) ) )
Figure 6 depicts the structure of the state estimation whicif€ the appendix for more details on the flux-linkage eqoatio
comprises three parts; a speed estimation, a stator flurasti The auxiliary flux variablew .. is calculated at each time
tion and rotor flux estimation by means of an extended Kalmdstance from the stator quantities using (24). It followsnt
filter [32]. The reason for this separation is that the speeti aEd- (3) that the current in the quadrature damper windings
stator flux estimation run at a higher sampling rate in order f7ust vanish on average if the quadrature damper winding
increase the estimation accuracy, while the EKF runs withligkage is not to grow unboundedly. Thus the angledof,.
lower sampling rate to keep the computational costs at bayEOnstitutes an instantaneous estimate of the rotor afiglg.
1) Speed estimation: The speed estimation provides estiThis angle is fed _together with the stator quantities to an
mates of the rotor speed, and the orientatiord, of the €xténded Kalman filter.
stator voltage. This information can be derived from théosta The EKF itself is based on a dynamic model of the syn-
voltage Uy, e.g.by means of a phase lock loop (PLL). chronous machine, similar to the one described in Section IV

(23)
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if possible, chooses to equal the reference value, and select
any feasiblex which is needed to obtain the requested torque.
Since @ and R are scalar, it follows that there is only one
degree of freedom in the tuning parameters, namely the ratio
between@ and R. This ratio is chosen based on two criteria
which are evaluated in simulation: Firstly, we consider the
step response to changes in the torque reference. Secondly,
we consider the variation of the control input at steadyestat
operation. The ratio betweef) and R is chosen to give a
good trade-off between a fast transient response and aystead
state with small variability in the firing angles. The preio
horizonT, is chosen to be an order of magnitude larger than
the sampling time.

Fig. 8: Motor configuration at the test bed with the syn- The upper bound on the DC current was set{Omax =
chronous machine and a DC machine used as load. 1 pu, while the firing angles were limited to the range<

o < 145deg, 35 < 3 < 145 deg.

A. Torque Step Test

i‘Ilr = AU, + BI + Fy, (25a) Firstly the reaction of the proposed control solution to
dg changes in the reference torque was tested. In this scenario
— it = —wNTif + W, (25b) the speed controller provides a torque reference for the syn
dj chronous machine to rotate with 0.5 pu speed in steady state.
—us =0, (25c) At time zero the torque reference of the speed controller is
‘g overwritten by a torque reference of 1 pu for 40 ms. Then the
—0, = —wnNwr, (25d) torque reference is set to -1 pu for another 40 ms. Finally the
Cg speed controller resumes control again.
—wr =0, (25e) Figure 9 shows the reactions of the MPC scheme and of a
, dt state-of-the-art Pl controller. For the positive torquepstthe
with MPC achieves a rise time of under 10 ms, compared to more
[s ,bsq}’ =P(6) [tsx, wsy]’ , (25f) than 20 ms for the PI controller. The change from accelegatin

to breaking shows an even bigger difference in behaviows. Th

. . .1/ _ —1 /

[ise, i Zf}l =La" [vso d’“”l ' (259) Py controller waits for 20 ms before it reacts at all. Then it
lise i) =Lq ' [Ysq ¥rq (25h) discharges the DC link before starting to break. The totkdyde
[i% isy}/ —P(f) [isd, isq}/, (25i) is nearly 35 ms, such that it barely breaks at all within the

40 ms window. In contrast the MPC changes smoothly from
whereLq, L, are defined in the appendix. While the estimatealccelerating to breaking, without discharging the DC link.
stator flux serves as input, the stator current and the instan
taneous rotor angle estimate serve as outputs to the mo%‘?'t:ircuit Breaker Test
From the states of the estimation model (25), the estimated - _
rotor quantities[\ilr, r, ér}l, are supplied to the MPC. In order to test the resilience of t_he MPC scheme during
The relative position of the stator voltage w.r.t. the ratan t€mporary voltage outages, the main circuit breaker of the

be computed a8 = 4, — 6. LCI was opened briefly under various operating conditions
as summarized in Table Il. The DC motor was deployed to
VI. EXPERIMENTAL EVALUATION provide a load torque of 0.77 pu. The newly developed MPC

scheme was compared against a state-of-the-art Pl cartroll
The MPC torque controller was tested on a test bed Oy test cases listed in Table II.

posed of a low-voltage LCI powering a 11.6 kW synchronous
machine. The synchronous machine is depicted together with ]
a DC load motor in Figure 8. The design data of the test bed TABLE I: Design data of the test bed.
can be found in Table I.

. Parameter Value  Unit

The controller was implemented on ABB’s AC 800PEC, .
described in Section V-A above. The sampling petigdvas '[:22 :‘/r(:;igeency 4gg o
1ms. The cost function (19) was extended to Rated line current 20.7 A
e, A4
Jim [ Qe 2+ R(B- YT, (26) ot stor e B X
kTs Rated stator frequency 50 Hz
with @ = 1,R = 0.1,7, = 10ms. We note that adding the Rated electrical power ~ 11.6 kW

penalty on the firing anglgd means that the controller will, Rated rotational speed 1500 rpm
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Estd Torque DC tink current return of the grid voltage, the controller must thus strike a

! ‘ . ! subtle balance between quickly returning to a high enough
2 0_4% %045 current, and not overcharging the DC current. The situason
o . L < 0 slightly worse after the longer 200 ms voltage outage, since
Coos o oos 01 e —— the DC motor has more time to slow the drive down.
Firing angle line side Firing angle machine side For the sake of breVity we present Only the most Challenging
150 150 g test conditions, which prevail during test case 8. The test
R ' T results for test case 8 are shown in Figure 10. The figure
S 50 @ 50 shows the grid voltage magnitude computed from the mea-
o o sured phase-to-phase voltages, the measured DC link ¢urren
—0.05 0 0.05 0.1 —0.05 0 0.05 0.1

estimated torque and speed as well as the firing angles on

the grid and machine side. During the voltage dip the normal

thyristor firing is interrupted. In Figure 10 this can be nibées
increase of the firing angles to 145 degrees. For the MPC

time [s] time [s]

Fig. 9: Torque step test: State-of-the-art PI controllaayg
vs. MPC (black). Torque references are indicated by the-da

dotted lines. solution the thyristor firing is released briefly after ardutO
ms, which can be seen as sudden change of the firing angles;
voltage magnitude fine side. | D¢ linkcurrent ) Fotd Toraue however to no effect on the DC current. After the return of
o . B the grid voltage, firing of the firing angles is resumed and the
Bos %05 %05 firing angles are set to quickly increase the DC link current.
s < = Under PI control the DC current reference is limited to 1 pu.
0 0 — 0 —1  Yet the DC current overshoot is high enough to trigger an
0 0.2 04 0 0.2 04 0 0.2 0.4 . . .
Speed Firing angle line side Firing angle machine side  OVErcurrent trip and stop the drive operation. The MPC on the
1 \g 150 B T ] other hand increases the DC current to roughly 1 pu, and no
z . F 100 l [ T 10 T Y] tipis triggered.
3 S 50 2 50
o o o C. Line and Machine AC Waveforms

0 0.2 0.4 0 0.2 04 0 0.2 04 . . . . . .
time [s] time [s] time [s] Finally we provide plots showing the line side and machine
Fig. 10: Test case 8: Circuit breaker test at 1 pu speed.-Stai&l® AC waveforms. The plots show actual measurements of
of-the-art Pl controller (gray) vs. MPC (black). the control system, namely a phase-to-phase voltage on the

line side, a phase currents on the line side and a phase-to-
phase voltage on the machine side of the converter. These

Note that the presented test cases represent extreme Oatm?ﬁa\sure?ents afre fhhown In Flgul\r/lepél, olnfe fo_:_;hel I:tl CIO?'
situations, for which no grid standards must be observed. er and once for the propose solution. The Ieft plo

the standard configuration of the LCI control system, theedri Ig. 11a) shows the waveforms under steady-state conditio

would simply trip if the grid voltage were to fall under awhereas the right plot (Fig. 11b) shows the waveforms during

certain threshold. This threshold was deactivated durirgy ttran3|ents, caused .by a disturbance of the. torque reft_enence
run of the test cases. form of a pulse train of reference steps with a magnitude of

The proposed MPC solution was able to handle all testtgo2 pu and a pulse width of 50 ms. In both situations the

cases without tripping or major issues. Also the Pl solution machine is rotating with nominal speed, and a load torque of

though not developed for this task — was able to handle tRéZ pu is applied.

power losses without problems in test cases 1, 2, 3, 5 and 7I_t can be observed that the line side commutations are much

Trips and speed regulation problems appeared in cases ia%er than the machine side commutations, reflecting ttte fa

and 8, when a high load torque was requested. To sustai hgt t?e mducta?;:eT on t%e rrllzacmne side gremlarg;ar thantthe
high load torque, a high DC link current is required. At thd'auctances on the fine side. Furthermore, in the s_eeaty st
scenario, the shown current ripple is somewhat higher with

MPC compared to the PI solution, which is due to differences
TABLE Il: Summary of the test conditions for voltage outagéh the timing of the thyristor firings on the line side relaiv

tests at the test bed. to the firings on the machine side. The waveforms under
transient conditions show no significant differences betwe
Test case  Opening duration  Speed Load torque the PI controller and the MPC solution.

No. [ms] [pu] [pu]
1 40 0.5 0
5 40 05 0.77 VII. CONCLUSION
j 38 1-8 0077 The paper considered nonlinear model predictive control
5 200 05 0 for torque regulation of a synchronous machine supplied by
6 200 0.5 0.77 current source converters. In contrast to standard Pl con-
7 200 1.0 0 trollers, the MPC formulation does not impose a cascaded
8 200 1.0 0.77

control structure, but uses both the rectifier and invengtes
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Fig. 11: Waveforms of the line voltage, the line current ahe stator voltage. State-of-the-art Pl controller (gray) MPC
(black).

simultaneously to stabilize the system state and contm! tExplicit expressions foiq and iq are omitted for brevity.
torque. This increases the ability to stabilize the systewh aUsing (28) we can write the damper winding currents as
reject disturbances. Experimental verification on a 11.6 kW function of the stator currents and damper winding flux
low voltage test bed indeed show that the controller carktralinkages as follows

the torque reference in the presence of power outages where . - N

a traditional PI controller fails. Thus, the proposed colter |:ird]|:Ld,31 Q1x1] [isﬂJ{Ldm le1:| |:1/1rd:|+[Ld,23:| "
increases the system ability of power loss ride througherAft O1x1 Lqgs31][ts O1x1 Lgas) Y] [O1x1] ™
these successful tests on a low voltage test bed, the next ste M, M, NS

will be to implement and verify the proposed controller on a (29)
medium-voltage drive.

irq

Furthermore we can write the stator fluxes as a function of the

APPENDIX stator currents and damper winding flux linkages as follows

Let L, Lmq be the direct and quadrature axis magnetizingysg]  [Lg11 O1x1 | [isa]  [La12 O1x1|[¢rd]  [Lais
; ; ; : = I S P + 57| Y
inductance respectively. Ldt,, be the stator leakage induc- |4 is Urq 011

.. L. 01><1 Lq,12
tance and letL,q be the damper winding and magnetizing

O1x1 Lg11

winding leakage inductance (Canay inductance). Let M. Ms M (30)

Lsd Lmd Lmd L L

Ly:=|L L L L,:= |, % ma
d Lmj L:j Lff » [Lmq Lig |’ REFERENCES
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