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Abstract

Due to the harsh and changeable marine environment, one low speed stator-permanent magnet machine named doubly salient permanent
magnet machine with toothed pole is applied for marine current energy conversion system. Indeed, this machine has simple structure,
intriguing fault tolerance, and higher power density, which could adequately satisfy the different complicated operation conditions. However,
its permanent magnet flux-linkage has the same variation period as the inductance which leads to a strong nonlinear coupling system.
Moreover, the torque ripple caused by this special characteristics, uncertainty of system parameters and disturbance of load greatly increases
the difficulty of control in this strongly coupling system. Consequently, the classical linear PI controller is difficult to meet the system
requirement. In this paper, the high-order sliding mode control strategy based on the super-twisting algorithm for this system is creatively
utilized for the first time. The stability of the system within a limited time is also proved with a quadratic Lyapunov function. The relative
simulation results demonstrate convincingly that, the high-order sliding mode control has little chattering, high control accuracy and strong

robustness.
© 2020 Shanghai Jiaotong University. Published by Elsevier B.V.
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1. Introduction

In recent years, the fossil energy is gradually exhausted
due to the acceleration of the global industrialization process.
Meanwhile, the environmental pollution caused by the exten-
sive use of fossil energy becomes more and more serious.
Consequently, the renewable energy has attracted widespread
attention during the past decades. Nowadays, both the effi-
ciency and dependability of the renewable energy technolo-
gies have been continuously enhanced [1-4]. According to
the statistics, the estimated renewable energy accounted for
24.5% of the global generation of electricity by the end of
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2017, while this value approximately reached up to 26.5%
in 2018 [5]. Among the various renewable energies, ocean
energy becomes more and more interesting due to its abun-
dant energy reserves. Unfortunately, among various forms of
ocean energy, only marine current energy appears the enor-
mous commercial value considering its high energy density,
strong predictability and similar technologies to the mature
Wind Energy Conversion System (WECS) [6,7]. Even for
the marine current energy, there is approximated 50 GW or
180 TWh annually of the economically exploitable resource
worldwide [1]. Thus, the utilization of the marine current en-
ergy will certainly mitigate the energy crisis to a certain ex-
tent.

The generator, the main component of Marine Cur-
rent Energy Conversion System (MCECS) to transform the
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mechanical energy into the electrical energy, must be con-
sidered cautiously. Normally, the low marine current speed
results in relatively low rotation speed of the turbine. An ex-
ternal gearbox is always demanded to achieve relative high
machine rotor speed. However, it will inevitably bring the rel-
ative high failure rate and increase the difficulties of the main-
tenance in the harsh working environment. Consequently, the
direct drive MCECS with low speed machine is preferred [8].
The application of the conventional generators such as Per-
manent Magnet Generator (PMG), Induction Generator (IG)
and Doubly-Fed Induction Generator (DFIG) has been greatly
limited in virtue of this reason. In this paper, one low speed
stator-Permanent Magnet (PM) machine: toothed pole Doubly
Salient Permanent Magnet (DSPM) machine (50 rpm, 10 kW)
is proposed. This kind machine employs the magnets in the
stator and can decouple of the frequency from the pole pair
[9]. In addition, the forward, reverse and four-quadrant oper-
ation of this machine can be easily realized by changing the
order of the inverter conduction phase and the sense of wind-
ing current. Accordingly, the DSPM machine is quite suitable
for the frequent start-stop, acceleration and deceleration oc-
casions including marine current power generation and ship
propulsion.

However, due to its special structure, the back-
Electromotive Force (back-EMF) has the same variation as
the inductance which would bring big torque ripple even with
conventional sinusoidal current waveform. This torque ripple
would degrade the performance of the transmission system
and even cause the shafting oscillation to endanger the me-
chanical device. Moreover, this toothed pole DSPM machine
is difficult to control by the conventional linear controllers be-
cause of the nonlinear dynamic model. Therefore, it is of great
significance to study the current waveform and corresponding
control methods of this special machine.. In Ref. [10], the
causes of torque ripple are firstly analyzed in detail; then, the
switching angle adjustment method and rotor skew slot tech-
nology are proposed to reduce the ripple. Nevertheless, this
control method needs to confirm the conduction angle which
will make the control mode more complex. The skew technol-
ogy needs to change the structure of the machine which in-
creases the cost. In Ref. [11], the maximum torque and torque
pulsation are reduced by optimizing the turn-on and turn-off
angles and reducing the number of conducting phases. How-
ever, the output torque is also reduced. In Ref. [12] and Ref.
[13], they propose the forward commutation method. This
method can reduce the commutation torque ripple by chang-
ing the current rising time. Neverthless, the advance angle
is not easy to determine. In Ref. [14], a variable parameter
PI controller based on a single-chip TMS320F28335 is pro-
posed. The current loop, as well as the voltage loop, employs
gain-scheduled PI controller based on the linearized model
of the DSPM machine. Unfortunately, this simplified linear
system cannot achieve precise control results. In Ref. [9] and
Ref. [15], they propose one complex quasi-sinusoidal current
waveform to diminish the torque ripple and one First-Order
Sliding Mode Control (FOSMC) to deal with the nonlinear
model. However, the mathematical current formula highly de-

pends on the parameters of the DSPM machine. Meanwhile,
FOSMC will undoubtedly bring the chattering which may also
bring the torque ripple. Actually, the chattering is the inherent
phenomenon of Sliding Mode Control (SMC) and is mainly
due to the discontinuous switch character in essence of this
control.

For the sake of decreasing the torque ripple and in-
creasing the robustness, one High-Order Sliding Mode Con-
trol (HOSMC) strategy based on Super-Twisting Algorithm
(STA) is adopted for this toothed pole DSPM machine-based
MCECS in this paper. This paper is structured as follows:
the partially typical model of MCECS is established in Sec-
tion 2, including the marine current resource, turbine and
DSPM machine; in Section 3, HOSMC strategy based on
STA, which has great robustness and convergence rapidity,
is introduced and optimized for the DSPM machine; sub-
sequently, a quadratic Lyapunov function is used to prove
stability of the whole control system within a limited time;
Section 4 deals with the simulation and analysis in different
situations; eventually, a conclusion is given in Section 5.

2. Marine current turbine modeling

The global scheme of MCECS is very similar with that
of WECS. Ordinarily, the global scheme of MCECS contains
some essential components: the resource, the marine turbine,
the generator, the transformer and the grid-connected con-
verter (Fig. 1). When the turbine blades are driven by the
marine current, a lift perpendicular to the direction of the
flow is produced. This continuous force makes the turbine
rotate. Sebsequently, the generator is driven by the mechani-
cal transmission structure and generates electricity under the
control of the inverter.

For the MCECS, an appropriate model for the marine cur-
rent resources is required firstly. Many researchers have devel-
oped several different models of the marine current speed to
assess their potential energy. One first-order model provided
by SHOM (Service Hydrographique et Océanographique de
la Marine, France) is adopted in this part due to the remark-
able reliability and simplicity [18]. The tidal current velocity
Viige 18 given by Eq. (1).

C—45)(Vy—Va
Viide = Ve + % (1)

Where: C is the tide coefficient; 95 and 45 are mean spring
tide and neap tide medium coefficients according to experi-
mental research respectively; V,; and V,; are the hourly inter-
vals neap and spring tide current velocities.

According to the model above, the marine current veloc-
ity data in Penmarc’h, France is shown in Fig. 2. From this
figure, the maximum value of the absolute velocity of flow
does not exceed 3.5 m/s. The available mechanical power
P, of the marine current turbine, extracted from the fluid is
expressed by the following Eq. (2) [19,20].

Prec = CpPhyd = %CppAvtlSde (2)

Where: Py, is the hydrodynamic power; p is the density of
the ocean (1024 kg/m®); A is the cross section of the tur-
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Fig. 2. . Marine current velocity.
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Fig. 3. . DSPM machine structure.

bine (m?); Vi is the current velocity (m/s); C, is the power
coefficient.

In order to meet nominal operation condition, the power
coefficient C, of marine current turbine is limited with the
restriction as Eq. (3) [15].

2Pyec? 2Pa 0’
€= MV‘Z)?'; - M(lf;WVz?de )
Where: A is the Tip Speed Ratio; 5 is the system mechanical
losses percentage; w,, is the mechanical speed (rad/s).

As described in the introduction, this toothed pole DSPM
machine is accepted by MCECS due to its prominent ad-
vantages and simple maintenance considerations. This ma-
chine has been already designed and optimized to achieve
the maximum volume torque, with a maximum torque of 45.5
kNm/m?. The stator of this machine has four non-rotating PM,
48 teeth and 12 slots; while the rotor only contains 64 teeth
[21]. Some more details of this DSPM machine design can
be found in Ref. [22]. The simplified structure of this DSPM
machine is shown in Fig. 3.

LR

PWM Converter Grid

Transformer

g. 1. Global scheme of MCECS [16,17].

Actually, the establishment of the dynamic mathematical
model needs to consider a number of factors. According to the
previous model analysis in Ref. [23], some assumptions are
required to simplify the analysis. A dynamic park model of
the DSPM machine in d-q frame is derived with the Concor-
dia and Park transformations and presented in the following
Eqgs. (4)—(6) [15].

@q = —Lgiqg — Mygiy — \/§<P1

4
@q = —Lqig — Magla
. L . .
Vg = —(Rs + 2w.Myg)iq + we(% — )i, — de‘li_ztd
di
_qu%
| 3L, Lgvy; di, ®)
Vg = —(Ry — 20.Myy)iy — we(T _ 7)ld — 1%
_qu%
dw,
de_m = Tem_Tm - fa)m
t
‘ ©)
dwpy, )
P+ Pem = mwm? +f6l)m

Where: L;, represents the model of stator inductance based
on d-q coordinate; My, is the mutual inductance; 7, and T,
are mechanical torque and electromagnetic torque; 6, is the
electrical angle; w, is the electrical angular velocity; J, and
f are rotary inertia and viscosity coefficient, respectively; N,
is the number of rotor teeth.

Lyg =Lo— Mo+ (5 + M) cos 36, (7.a)

My, = —(% + M) sin 30, (7.b)

Tem = _\/gNr(pliq + %(Ld - Lq)idiq - %qu(ltzi - lé) (70)

2t
0, = /wedt, w, = 2 = (7.d)
N "N,

3. Control strategies

It is generally true that the classical linear controllers in-
cluding the PI and PID are very suitable for the linear time-
invariant system. However, as for this toothed pole DSPM
machine, it is a typical non-linear system. Even for the sinu-
soidal current waveform, the PI controllers cannot effectively
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make the speed and current tracking error within the allow-
able range. Moreover, for the appropriate current waveform
which contains certain harmonics to reduce the torque ripple,
it would undoubtedly make the input complicated and in-
crease the difficulties in control [9,15]. Furthermore, the sys-
tem usually needs to operate at different states with variable
input and load due to the harsh underwater working environ-
ment. Consequently, a robust controller is extremely beneficial
to these problems. It is recognized that SMC is a prominent
method of nonlinear control. It is widely used in many fields
owing to its great robustness and fast convergence to external
interference and internal parameter variations.

3.1. Introduction of HOSMC

Essentially, the principle of SMC is to force the trajec-
tories of desired plant states onto some predesigned sliding
surfaces by discontinuous controls. FOSMC is intensely easy
to design and possesses certain robust performance. However,
the application of FOSMC is hindered by the chattering phe-
nomenon due to the multifarious inertia, which might lead to
high-frequency vibration of the system. Thus, HOSMC ap-
pears subsequently. According to the theory proposed by Arie
Levant, the sliding set s =§ = § = ... = s"~" = 0 on sliding
mode surface s(t,x) =0 is non-empty and consists of Fil-
ippov trajectories of discontinuous dynamic systems. Then,
the relevant motion satisfying this condition is called the “r-
order sliding mode’’ with respect to the sliding mode sur-
face (r > 2). HOSMC extends the idea of traditional slid-
ing mode. It does not apply the discontinuous control vari-
able to the first derivative of the sliding modulus, but applies
it to the higher-order derivative. This not only retains the
advantages of FOSMC, but also significantly reduces chat-
tering [24,25]. At present, the Second-Order Sliding Mode
Control (SOSMC) is widely accepted and supported by the
theory [26-28]. Moreover, it is the most frequently applied
HOSMC which has simple structure and little requirement of
target information. In order to establish the controller based
on HOSMC appropriately, the modeling process is explained
by the following content.

By treating the DSPM machine control system as a con-
trolled dynamic system, the control objectives can be handled
more easily.. The state equation of a single input nonlinear
dynamic system is defined as the Eq. (8).

X=f(x,t)+ g, t)u
3

y=us(x,t)

Where: x is the system state variables; u is the control in-
put; fix, 1) and g(x, #) are both smooth uncertain continuous
functions.

It is worthwhile to design a suitable sliding surface, which
is necessary to construct a feasible SMC. Firstly, the state
variables of the DSPM machine should be defined as the

Eq. (9).

X1 = Xpef — X

‘ i )
Xy = / xpdr = / (x,ef — x)dt
0 0

Where: x, is the reference value; x is the actual measurement.

. . T
ld lq ]
(10)

Xref =[ Wmref idref iqref ]T: X = [ Wi

Next, the sliding surface is designed under the utilization
of system variables x; and x, as shown in the Eq. (11).

s =cxp + X1 (11)

Then, the derivation of the Eq. (11) can be obtained in the
following Eq. (12) in combination with the Egs. (5)-(9).

1
.S:w = __[Tem + Tm - me] + X1
I
: L . di
Si, = _L_d Vg — (RS + Za)equ)ld — qud_[q
+w(1.5Ly — 0.5Ly)iy] + cx1q
N 1 [ . dld
Si, = _L_q _vq - \/gq)]we — (Ry — 2w, Maq)iy — quE
—we(1.5Ly — 0.5Ly)iq] + cxiq
(12)

Where: s, sq and s, are sliding mode surfaces of the speed
and current controllers respectively; xi,, X14 and x;, are the
tracking errors of the speed and current controllers respec-
tively.

It is also essential to set up an initial integral value which
is given in the Eq. (13). The system trajectory can be quickly
transferred to the sliding surface (s = 0) even at the initial
time (r = 0) under the action of . It means that the control
system has global robustness.

0 X0
Iy = / xy(t)dt = —— (13)
oo c
Where: c is a positive number; xj is the initial value of x;.

The control objective is to make the system state reach the
sliding surface (s(x, ) = 0) in a finite time and has a second-
order sliding mode (§ = s = 0). Therefore, some assumptions
must be satisfied:

Case 1: u is bounded and continuous; for any virtual value
of ¢, the system is steady;

Case 2 If )2 < F,llgx)l <G, F CR",GC
R", Z[s] > 0.

When the system satisfies the above conditions, it is nec-
essary to assume global boundedness of uncertainty. Thus,
positive real numbers, including C, K,, and Kj;, must meet
the respective ranges as shown in the formula (14).

Al < C, Ax, 1) = ZISI[f () + gx)u]

(14)
0 <Ku <B <Ky,Bx,1)=2L[s]
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sign(s)

Fig. 4. STA structure diagram.

The following controllable first-order system is considered
to replace the error tracking system of the direct and quadra-
ture axes currents.

x=u(t)+&@) 15)

Where: x is the state value of the current errors in direct and

quadrature axes; £(7) is the uncertain disturbance term of the

system; u(?) is the super-twisting control law [29].
Conventionally, the control law can be defined in the Eq.

u(t) = uy (1) +ua (1)

ui(t) = —,B|s|%sign(s) (16)

(1) = —asign(s)

Where: sign(s) is the symbolic function; @ and B are positive
real numbers.

Actually, HOSMC based on STA is difficult to prove its
system stability. Moreover, the relative controller parameters
are difficult to determine due to uncertain boundaries. For-
tunatel, HOSMC can further weaken the chattering theoreti-
cally and converge in a limited time under certain conditions.
It only requires the sliding mode variable s and the suitable
systems with a relative order of 1. Furthermore, because of
positive gain parameters of the super-twisting control law, the
restrictive conditions of o and B in the Eq. (18) should also
be satisfied [30].

C
o > =
{ K (17)

2 aKy+C
B >27g

According to the description, the structure diagram of STA
is shown in Fig. 4.

In the two-dimensional plane coordinated by s and s, the
uncertain state trajectory can spirally converge to the origin
stable state within a finite time. The derivative formula of
the sliding surface s established according to the formula Eq.
(12), combined with Egs. (15)-Eq. (16), the electromagnetic

torque and voltage are obtained as below.

Ton = Iy [f ctsign (s,)di-+Bols, | sign(s.,) + sw(r)}

+fom =T
va=1Lg |:f aysign(sy)di+p |Sd|%Sing(Sd) + éd(f):|

+(Ry + 20,Mag)ia — @,(1.5Ly — 0.5Ly)iy + My, %e (18)
vy =1L, [f agsign(sq)dt+ﬁ2}sq|%sign(sq) + Sq(t):|

+(Ry — 20:Myg)iq + we(1.5L, — 0.5Ly)iq + My %2

+\/§§0la)e

3.2. Stability based on improved HOSMC

Although HOSMC has obvious advantages, it still in-
eluctably produces chattering that worse the system reliability
and safety. It is worth noting that according to the formula, the
traditional control law will bring contradictory phenomena.
Once the speed towards to the sliding surface is accelerated,
the convergence speed is also increased, while the chattering
will be also increased dramatically. Conversely, the chatter-
ing and convergence speeds will be greatly reduced with the
reduced speed to the sliding surface. Consequently, it’s very
important to establish a reasonable control law to balance the
chattering and convergence speeds when the point is not on
the sliding mode surface. In order to solve this problem, the
saturation function is proposed instead of the ideal symbol
function to further reduce the chattering for this non-linear
system [31]. Compared with the sign function, this function
will make the velocity gradually decrease to zero when it
approaches the switching planes. The expression of the satu-
ration function sat(s) is shown in the Eq. (19). Actually, it is
a switching control outside the boundary layer and a linear
feedback control inside the boundary layer.

lI,s > A
sat(s) = { ks, Is| < Ak =+ (19)
—1,s < A

Where: A is boundary layer.
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Accoridng to this equation, the Eq. (18) can be rewritten
with this substitution function.

Tom = I [f aosat(sw)dt+ﬂolsw|%sat(sw) + éw(t)]
+fwm - Tm
B 1
va = Lg| [ asat(sq)dt+Bilsa|2sat(sg) + Ed(l):|

(R + 20eMag)ia — w,(1.5Lg — 0.5L,)iy + Mg, e (20)

B 1
vg = Ly | [ aasat(s,)dt+pa|sy| 2 sat(s,) + gq(t)}

+(Rs - zwequ)iq + (Ue(l SL‘] - OSLd)ld + qudd_i[d

+\/§§0la)e

Then, the system model is further simplified and the sys-
tem state quantity y is constructed. In practice, it is necessary
to assume the absolute value of the system uncertain term not
exceed an upper limit. Therefore, a constant value can be set
to make the first derivative zero. Ultimately, the Eq. (15) is
transformed into the Eq. (21).

X = —ﬂlxl%sat(s) +y, y=£&@) — fot asat(s)dt o

y = —asat(s)

In order to demonstrate the stability of whole system, it
only needs to verify the deviation system can converge to the
origin in a finite time. It means that the equation X = x must
work. Thus, a matrix A needs to be set for the confirmation
[32,33]. The proof process is simply summarized as follows.

1

Firstly, let A = [:3 (5)]. On the basis of its characteristic

polynomial, the matrix A is a Hurwitz matrix. Therefore, for
any positive definite symmetric matrix Q, there exist a positive
definite symmetric matrix P which must satisfy the following
Lyapunov condition (22).

ATP+PA=—-Q (22)

Secondly, a non-smooth quadratic-like function is chosen
as the alternative Lyapunov function, which is defined as the
Eq. (23) [34].

Ve =ePe, &' =[ e e | =| |xi2signo y |
(23)

Meanwhile, it is noteworthy that the function V is not
only continuous positive definite but also radially unbounded.
Except for the point set {x=0}, V is divisible everywhere.
When the system does not converge to the origin, the sys-
tem state does not always stay at a certain point of the set
{x=0}[31][32]. Then, let the derivative of V be V, thus:

. 1 + 7 |-
V=—¢e A P+PA)e=——¢ Q¢ 24)
&1l &1l
Since the Lyapunov function V is a quadratic positive def-
inite function, there are:

AminP)[€]13 < eTPe < Amax (P)||2]13 (25)

DSPM machine
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Fig. 5. Control strategy of MCECS.

Where: Apin(P) and A (P) are the minimum and maximum
eigenvalues of the positive definite symmetric matrix P; [|s||»
represents the 2-norm in the Euclid space R?,

With |¢]|3 = 12 + &22 = |x| + y?, hence,

1
1 V2
let] = IxI2 < llellr < — (26)
)Limin(P)
. 1
V< —mxmm@nsn%v < —Amin(@)le]]2
1
< ¢V LQ) = =5 27)

Finally, this is a constant who depends on the control law
parameter (A, «) and the matrix Q. From Lyapunov’s com-
parison theorem, the following inequality (28) is established
[35].

1
> 75V 2 (x0,50),V =0 (28)

That is to say, the system can stabilize to the origin within

a limited time, and its convergence time can be estimated.

4. Simulation and analysis

After the establishment of the control model, a double
closed-loop simulation model based on MATLAB/Simulink
was built to demonstrate the validity of the HOSMC. More-
over, the decoupling method was also applied in the model
to reduce the complexity of the control system. The control
strategy block diagram of the whole MCECS is shown in
Fig. 5. The speed controller aims to achieve the maximum
power from the marine current. The current controllers are to
follow the expected quasi-sinusoidal current waveform per-
fectly to reduce the torque ripple. The relevant parameters of
MCECS are shown in TABLE 1.

In the previous work [23] and [36], various simulation
results have verified that, this toothed pole DSPM machine
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TABLE 1

Parameters of DSPM machine.

Parameter Symbol Value

Flux wolp1 1.455/0.4805wb
Self-inductance Lo/L, 25.5/2.5mH
Mutual inductance My/M, -12.4/2.5mH
Stator resistance R, 88.37mQ

Rotor tooth number N, 64

Rotary inertia I 25

Damping coefficient F 19.2

still has larger torque ripple even with the conventional sinu-
soidal current. Therefore, one special current waveform called
quasi-sinusoidal current is proposed to decrease the torque
ripple. The definition of this current waveform is simplified
in Appendix A, which is not elaborated in detail here.

4.1. Verification of STA-based HOSMC

In the previous sections, the construction of the controller
has been completed. The performance of the controller will
be verified by MATLAB/Simulation in this section. Indeed, it
is very essential to design a simulation strategy that fits the
reality. Obviously, the velocity of ocean current cannot always
be considered as constant in the marine environment. There-
fore, the control effect of the toothed pole DSPM machine
can be checked by variable velocities at different stages. In
this simulation, the given marine current velocity is 2.5 m/s
at the beginning; then, it is abruptly changed to 3.0 m/s at
the moment of 1 s and remains until the end. As shown in
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Fig. 6 below, the detailed results of different objects are given
subsequently.

Firstly, as shown in Fig. 6. A, the tracking error of d-
axis current fluctuates within the range of [-0.8, 0.8]. At the
moment of 1 s, the marine current velocity suddenly changes
to 3.0 m/s. The value of the d-axis current control error can
also be stabilized to [-0.5, 1]. Fig. 6. B shows the variations
of the g-axis current.

Unlike the conventional sinusoidal current waveform, the
g-axis current through coordinate transformation is not con-
stant due to the desired harmonic terms. Fortunately, with the
STA-based HOSMC, such current component can also be ac-
curately tracked. For the variation of electromagnetic torque
in Fig. 6. C, the electromagnetic torque has a certain over-
shoot inevitably in the start-up stage. The tracking error of
electromagnetic torque can be controlled within 2.0% when
it reaches the stable state in the first stage. Once the ocean
current velocity Vi, suddenly changes to 3.0 m/s, the elec-
tromagnetic torque can be adjusted perfectly in a relatively
short time. By comparing the torque ripple, it is found that
the tracking error is smaller. As the electrical angular velocity
of the machine is proportional to the mechanical angular ve-
locity, the change of the electrical angular velocity reflects the
mechanical angular velocity. Fig. 6. D shows that the tracking
error of electrical angular velocity is far less than 1%.

4.2. Testing the robustness of STA

Actually, SMC is highly favored owing to its robustness
and good dynamic performance. Hence, the main emphasis
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is always placed on proof of the robustness. In this section,
the parameters of the machine will be changed to verify the
robustness of the controllers. If the machine can still resume
stable operation in a limited time when the parameters change,
it is considered to be robust.

The operation of the overall system was tested under dif-
ferent multiples of the stator resistance R, and inductance
L. The values of R, and L in the machine model will be
changed from 50% to 200% of the initial value with other
constant parameters. The electromagnetic torque and electri-
cal angular velocity are selected and shown in Fig. 7 and
Fig. 8 consequently. In order to facilitate the simulation, the
marine current velocity is given as a fixed value. The red
lines indicate that the stator resistance or inductance is twice
the original value. Similarly, the cyan lines indicate that the
parameter is half of the original value.

From Fig. 7. A and Fig. 7. B, STA-based HOSMC can still
approach the reference at the same response time and track
the reference well with the great variation of the resistance R;.
Evidently, the changes in both electrical angular velocity and
electromagnetic torque caused by the variation in resistance
is negligible. From the other two pictures in Fig. 8. A and
Fig. 8. B, the results equally illustrate that there is only slight
distinction generated by the inductance variation. According
to the simulation results, they can well validate the robustness
to the significant variation of parameters under the STA-based
HOSMC.

5. Conclusion

This paper mainly studies the control strategy for the
DSPM machine, which is used for direct drive MCECS.
Firstly, the turbine model is established. Under the SHOM
method, a practical first-order marine current resource model
is obtained. Then, a STA-based HOSMC is firstly proposed
to control the speed and current of the DSPM machine. The
integral sliding surface and control law are well designed
and improved subsequently. Meanwhile, a quadratic Lyapunov
function is used to prove the stability of the system within
a limited time. According to the simulation results, not only
the effective control under the variable marine current ve-
locity but also the strong robustness with different machine
parameters are verified. However, although the control effect
has been greatly improved, the parameters of the controller
are fixed and cannot be changed as the control parameters
change. Therefore, it is meaningful to combine the intelligent
algorithm to obtain the real-time optimal solution of controller
parameters.
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Appendix A

The quasi-sinusoidal current in a three-phase stationary co-
ordinate system is shown in Eq. (A.1):

ia = _Im(ee) Sin(ee + 90)
ip = —1y(0e) sin(@e — Z + 6p) (A1)
ip = —1u(8.) sin (0 + Z + 6p)

Where: I,,(0.) is quasi-sinusoidal current amplitude, which
varies with electrical angle 6,.

Meanwhile, the formula of the basic electromagnetic
torque can be rewritten as follows:

Tem = —[3N:g1 cOs 601, (6e) + 3N (3L1 + M) sin(36,
+200)I%(6.)] (A.2)

Because the current has to be some actual value in theory,
the amplitude of this current is shown in the Eq. (A.3).

—3N,¢1 cosby + \/(gzv,wl cosfy)’ — 3N (ALy + My) sin (30, + 200) Tom

I, (6,) =
@) 3N, (A Ly + My) sin(36, + 26p)

(A.3)
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