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Abstract: Hybrid power plants with renewable sources, having different frequencies and voltages of 

generated electricity, require coordination of its parameters on the basis of semiconductor converters. 

This causes the appearance of current and voltage harmonics in the electrical network. Analysis of the 

power characteristics of a hybrid power plant based on mathematical modeling will allow one to 

properly develop the power plant structure and select the parameters of the individual elements of its 

power part and control system. The article is devoted to the application of mathematical modeling for 

the analysis of the generated energy quality of a tidal power station with auxiliary diesel and wind 

units. The mathematical models for the analysis of the power indices of a tidal power station with 

diesel- wind aggregates are presented. Various designs of a power electrical part based on power 

electronic converters of electric power parameters having a microprocessor control system are 

considered. A detailed possibility analysis of the tidal aggregates operating modes is illustrated. 

Keywords: mathematical model; tidal power station; diesel generator; wind power unit; synchronous 

machine; power indices 

 

1. Introduction 

 

The development of world energy in the XXI century involves an active use of renewable energy: 

mechanical wind energy and water flows, thermal and radiant energy of solar radiation and heat of the 

Earth, chemical energy contained in biomass [1, 2]. Renewable energy sources are still inferior to 

traditional sources in terms of cost and scale of production, but this difference is steadily decreasing 

with its development [3, 4]. 

Marine energy resources [5] have huge reserves of energy – solar radiation absorbed by water, 

kinetic energy of sea waves [6, 7], currents, tides [8] and surf. At present there are spheres of their 

economically profitable use – when replacing diesel generators that supply electric power to 

autonomous consumers on islands, along a remote coastal zone, etc. Despite the lack of potential 

energy resources of the seas and oceans, these technologies have not yet received its wide use. Their 

intensive application is hampered by natural shortcomings: large capital costs, intermittent and random 

nature of energy generation [9–11]. Therefore, wave, tidal and other marine power plants are 

connected to centralized electrical networks [12]. In case of an autonomous operation, just in parallel 

with them, batteries [13] or aggregates based on other sources of renewable energy, (usually wind and 

solar) are functioning [14, 15]. 

Mathematical and computer modeling is widely used for the study of such complexes. 

Many scientific papers are devoted to the modeling of tidal power plant components. The task of 

improving energy conversion aggregates is solved in [16-18]. The tidal turbine modeling and fault 

diagnosis is carried out in MATLAB/Simulink in [19]. The paper [20] deals with the modeling and 

control of a tidal stream generator for marine renewable energy. The paper [21] focuses on the 

hydrodynamic performance of different forms of the duct which could accelerate the velocity of tidal 

flow. 

The scientific papers devoted to modeling the entire system of a tidal power plant contribute to the 

solution of the problem. Mathematical modeling provides an opportunity to analyze energy and other 

technical and economic indicators. In particular, a variable nature of the frequencies and voltage levels 

of the generated electric power necessitates the coordination of its parameters with the use of power 

electronic converters. But they, in their turn, can worsen the harmonic composition of currents and 



  

voltages [22, 23]. The effect of the variation in tides on the power quality in stand-alone network is 

illustrated via simulation in [24]. 

Papers on the modeling of hybrid generation systems can be referred to a separate group. The 

paper [25] studies a network presenting a rural load, such as a small village, fed from a hybrid 

wind/tidal turbines that are connected to a weak grid. The paper [26] deals with the development of 

real time simulation for a hybrid wind - tidal power system. 

It is necessary to work out technical solutions, both in the structure of power plants, and in the 

choice of the parameters of individual units and elements of the power part and control. Thus the 

authors have presented the results of the development of a mathematical modeling environment for a 

wind-diesel power station [27], which are supplemented by a tidal aggregate with the operating modes 

and efficient analysis methods. 

 

2. Methods 

 

To analyze various electromechanical and electromagnetic processes in autonomous power plants 

a structural scheme (Fig. 1) is adopted, including three energy generation channels – diesel (d), wind 

(w) and tidal (t) equivalent to an active-inductive three-phase load (l), a backup source on the battery 

(Ac) and the common dc bus (dc). Energy sources-a diesel D, a wind wheel W and a tidal aggregate T 

rotate the shafts of the generators with frequencies ωd, ωw, ωt, developing the moments hd, hw, ht. 

Instead of electromechanical energy converters, synchronous generators with permanent magnets (Md, 

Mw) and Mt – with a controlled exciter (VT) are used as an option.  

 
Figure 1. Structural diagram of an autonomous power plant: D, W, T – diesel, wind wheel, 

turbine, Md, Mw, Mt – generators and Vd, Vw, Vt, - rectifiers of diesel generator, wind and tidal 

channels; VT – controlled rectifier excitation of the synchronous generator Mt; Ail, Zl – 

autonomous voltage inverter and equivalent load impedance; Ac - rechargeable battery; Q - 

switches; dc – bus direct current. 

 

Three-phase currents of stator generators (Isd, Isw, Ist) are converted into constants by controlled 

and uncontrolled rectifiers (Vd,Vw,Vt). The use of the uncontrolled rectifiers is explained by connecting 



  

an autonomous inverter to the output. Depending on the situation with the load demand, wind speed 

and the parameters of the tidal channel, the operator switches (Qd, Qw, Qt, Ql, Qac) to make the various 

schemes of the power plant operation work. 

The tidal channel, which is the main and the most powerful, for example 400 kW, like the 

Vislogub tidal power station [5], provides the operation in various turbine and pumping modes. To 

generalize, a direct pumping mode of the tidal aggregate is of interest. It works as an asynchronous 

motor and operates the pump to take water from the sea into the basin which stores energy. If we 

assume that at this time the consumption is 100 kW, and the capacity of the wind channel is 200 kW, 

then the power consumption of the tidal channel will be 100 kW. The tidal channel converter operates 

in the autonomous voltage inverter mode. Thus, the calculation scheme for reproducing processes in 

the power circuit (Fig. 2) is supposed to use mathematical models of the synchronous generator, the 

asynchronous motor, the rectifier and the autonomous voltage inverter, i.e. a fairly wide range of 

models of objects. 

 
Figure 2. The design scheme of an autonomous power plant with power from the wind 

channel of a load and a tidal unit operating in the mode of a direct pump: W, P is a wind and a 

pump, Mw, Vw is a synchronous generator with permanent magnets and a wind channel 

rectifier, Mp – is a tidal channel machine operating in an asynchronous motor mode; AIp, Ail – 

autonomous voltage inverters of the tidal channel and load circuit; Zl is the equivalent 

impedance of the load circuit rxw, rVw, cxw – active resistances and capacities of 

communication circuits; lfl, cfl – inductance and capacity of the load filter; Qac, rac, eac – 

switch, resistance and EMF (Electromagnetic field) of the battery; dc - dc bus with cdc 

capacity. 

 

The mathematical model of the wind turbine is described in [27]. 

To analyze the energy parameters of the circuit, it is possible to simplify the representation of the 

power electronic circuits, as ideal voltage converters of a three-phase alternating current to a constant 



  

one and back [29]. It is advisable to single out the influence of the processes of gates commutation on 

the shapes of currents and voltages in a separate problem and to carry out in private design schemes of 

a smaller size. Therefore, it is possible to describe the functioning of complex multi-circuit circuits 

with key elements by simple nodes based on the dependent current and voltage sources (Vw, AIp, AIl). 

 

3. Results 

 

In the wind channel circuit, the uncontrolled rectifier Vw switches valves in six sections on the 

EMF period of the generator Mw in accordance with the values of the line voltages, thereby performing 

a functional conversion of the voltages Ucxv at the rectifier input to the pulsating DC power supply 
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where XV is a topological matrix providing calculation of linear voltages at the output of the three-

phase bridge rectifier; jmax is the number of the line corresponding to the maximum value of the vector 

XVUcxw. The capacitances Cxw correspond to either the filter capacitors, if present in the actual circuit, 

or to the specially introduced capacitances of the stator coupling circuit of the machine and the 

connected external circuit. In both cases, it connects in parallel the coupling resistance rxw of a large 

value, which matches the stator circuit of the machine and the rectifier input circuit by determining the 

ratio between the currents 

 

cxwxwVwswcxw UrIII 1 . (2) 

 

The vector of the stator currents of the generator IVw,  is assumed to be dependent on the output 

current of the rectifier and is determined by a similar functional transformation 

 

 
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based on the choice of the string jmax from the vector XViVw.  In its turn, the output of the rectifier is 

switched on by a small resistance rVw, so that the rectifier circuits Vw and DC dc are matched: 

 

 cdcVwVwVw ueri  1 . (4) 

 

The capacity of cdc can be present in the circuit as a filter element, or it should be included 

artificially with a small parameter value. 

The consumed input currents (iAIp, iAIl) of the units of the autonomous pump inverters of the tidal 

aggregate and the equivalent load are determined by the stator Mp currents Isp and Ifl and the load 

circuit filter inductances 
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where the diagonal matrix is composed of the values of the control functions of the transistors of the 

odd or even group of the three-phase bridge circuit. It is assumed that if a control pulse is available, the 

value of the corresponding function is equal to one, otherwise it is zero. The definition of these 

functions is determined on the well-known vector control algorithm based on the principle of pulse 

width modulation. 

According to the law of frequency control, the amplitudes of the voltage vector components UAIp 

on the stator of the Mp machine operating in the asynchronous motor mode, depend on the frequency 

fsp of the generated voltage 
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where usnom, fsnom is the nominal effective value and frequency of the phase voltage of the machine. 

Similarly, the frequency of the load voltage fl is the amplitude of the voltage vector UAil 

 

om

ll

om

lnoml
AIl

f

fu

f

fu
u

ln

max

ln

2  . (7) 

 

The rotation of the vectors UAip and UAil with the corresponding angular frequencies ωp and ωl 

occurs in six sectors. The position of the formed vector of length uAIj (j = p, l) is determined within the 

current sector by the ksect angle φj (Fig. 3). This angle is calculated at discrete instants of time tn, 

counted in units of measurement of simulation time and coinciding with the modulation cycles, 
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where tnTj is the time instant corresponding to the beginning of the reproduced period Tj of the 

frequency voltage fj. 

 

 
 

Figure 3. Formation of the current position of the voltage vector. 

 

The ratio of the generating vector lengths ux.j and ux1.j to the base vector lengths 
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determines the duty cycle 
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Using the rounding operation, we calculate the numbers of cycles kx.j, kx1.jand k0j for these vectors 

and for the zero interval within the Tshim PWM (Pulse width modulation) modulation period which 

consists of a number of cycles 
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The generating vectors are formed by combinations of open and closed transistors that coincide 

with the combinations of control pulses Xj according to Table 1. 

 

Table 1. Formation of control pulses by sector intervals 

 

ksect 
                 Pulses                             

Vectors x1 x2 x3 x4 x5 x6 

1 

X 1 0 0 1 0 1 

X1 1 0 1 0 0 1 

X0 1 0 1 0 1 0 

2 

X 1 0 1 0 0 1 

X1 0 1 1 0 0 1 

X0 0 1 0 1 0 1 

3 

X 0 1 1 0 0 1 

X1 0 1 1 0 1 0 

X0 1 0 1 0 1 0 

4 

X 0 1 1 0 1 0 

X1 0 1 0 1 1 0 

X0 0 1 0 1 0 1 

5 

X 0 1 0 1 1 0 

X1 1 0 0 1 1 0 

X0 1 0 1 0 1 0 

6 

X 1 0 0 1 1 0 

X1 1 0 0 1 0 1 

X0 0 1 0 1 0 1 

 

In the next calculation step, after determining the sector, the PWM period and the interval inside 

it, control pulse vectors Xj are set, which have already been used in (5) to calculate the input currents 

of the inverters. They are also used to calculate three-phase voltages at the output of the inverter of a 

tidal aggregate 
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where the values of the key management functions of the analyzed inverter are used, and in the case of 

the load channel, the stress vector indices the change from "sp" to "AIl". 

An important advantage of the described algorithm for modeling vector control of autonomous 

voltage inverters is the speed that does not exclude accounting for discreteness not only in the 

modulation frequency of PWM (20 kHz), but also in clock frequency. 

 

4. Discussion 

 

The functioning of electromechanical processes in the circuit (Fig. 2) is described on the basis of 

the application of the Park-Gorev coordinate transformations [29]. Equations of the state of a wind 

channel with neglect of the effect of compensating circuits in static modes 
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have as independent variables: ψdw, and ψqw are flux linkages of a two-phase equivalent machine along 

the longitudinal transverse axis;  ωw and θw - are the rotational speed and rotational angle of the rotor, 

Ucxw - is the voltage vector of the capacitances of the communication circuit.  The linkage of the 

permanent magnet of the rotor ψfp is a parameter. The right-hand sides of equation (13) are calculated 

using relations 
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where ldw, lqw, rsw – is the stator inductance of the Mw machine along the longitudinal and transverse 

axes and the active resistance of the stator winding; jw - is the moment of inertia of the wind power 

unit. 

A similar equation would be for the generator Mp of the channel of the tidal aggregate in the 

turbine mode. In the same mode of the induction motor driving the pump, its equation of state has the 

form 
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where Ψdqsp, and Ψdqrp are the stator and rotor flux linkages of the two-phase equivalent machine Mp 

along the longitudinal transverse axis; ωр and θз – rotational speed and rotor angle. The right-hand 

sides of equation (15) are calculated using (12) and relations: 
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where lsp, lrp, rsp, rrp – are the inductances and the active resistances of the stator and rotor windings of 

the Mp machine in the operating mode of the induction motor; jp - is the moment of inertia of the tidal 

aggregate. 

Equation of state of three-phase equivalent active-inductive load rl-ll: 
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has as independent variables the loop currents Ihl of the load circuit, the currents Ifl of inductances and 

the voltage of the capacitances Ucfl of the filter having the parameters lfl, rfl, cfl. The right-hand sides of 

(17) are calculated taking into account (12) and relations 
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The DC bus connecting the circuit channels has at least one inertial parameter- the capacitance cdc, 

which can be a real capacitor filter battery, or an artificially introduced small communication 

capacitance.  The equation of state of the voltage of this capacitance is expressed using the results of 

the calculation of the power supply EMF at the outlet of the wind channel (1) and the currents 

consumed by the pump channel of the tidal unit and the equivalent load (5): 
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An important stage in the analysis of the effectiveness of the technical solutions being adopted is 

the determination of integral indicators of the quality of the functioning of devices. For the analysis of 

the most important of them – energy indices a harmonic analysis of the curves of the functions F of the 

phase currents Ij and the voltage Uj is provided. When reproducing the corresponding processes, these 

curves are obtained as arrays from the values Fj(n) (n = 1,2,…Ndt) on the period T with the same step dt. 

The harmonic components of the phase currents and voltages are found from the formulae: 
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In the case of symmetry of the phase parameters, the index "j" can be omitted. It is assumed that 

the number Nk of harmonic components satisfies the condition: 
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where the required number of points for determining the harmonic Kmin = 16 ÷ 20. 

The components "A" and "B" compute the amplitudes and phases of the harmonics: 
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The effective values of current and voltage are calculated as rms instantaneous values at a constant 

step: 
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The total electrical power consumed or delivered by the motor is found from the effective values 

of the phase currents and voltages: 
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The active and reactive power consumed or delivered by the PMSM (Permanent magnet 

synchronous motor) are found from the first harmonic components of the phase currents and voltages 

[30]: 
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The power of asymmetry appears in the case of a phase-by-phase difference in the parameters of 

the load and is found from: 
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(26) 

where from the sum of the squares of the amplitudes of the first harmonics of the phase currents, all 

possible combinations of products of these amplitudes are subtracted by the cosines of the differences 

in the angles of the lagging angles of the first harmonics of the currents from the voltages. 

The distortion power consumed or delivered by the motor is found as a quadratic remainder of the 

total power: 
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With the known values of the total power, its components, equivalent to the active resistance of 

the load, power, shear, distortion and useful factors are calculated. 

Formulae for determining the power, shear, distortion, asymmetry and useful factors are: 
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The calculation of aggregate loads in real operational modes is necessary to ensure the reliability 

of the simulation results and is carried out with the use of the approximation of the available technical 

characteristics of the units. In particular, for the diesel-generator channel, it is possible to use adjusting 

characteristics that establish the realizable relationship between the moment on the shaft and its speed 

[27]. For the tidal power plant assembly, the flow-pressure characteristics of the Q-H are 

approximated. For example, in the direct-pump mode at the Vislogub tidal power plant 400 kW [31, 

Fig. 6.1], the characteristic family of the water inflow from the sea into the pool is represented by the 

formula: 
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where, for power, the values of the coefficients qP = [- 50 35 -2 -5] m3/s at a power of 400 kW, and for 

smaller powers of qP(1), the value changes from -50 to -32 (Fig. 4). On the basis of the approximation 

dependences of the type (29), it is possible to determine programmatically the loads of force elements. 

 Previously mentioned the system operation mode with power from the wind channel, when the 

available excess capacity of 100 kW is used for pumping water into the pool. If the water level in it is 

0.5 m above the sea level, then according to the characteristics (Fig. 4), the productivity will be 15 

m3/s.  For the mechanisms under consideration, the cubic dependence of the power and the quadratic 

moment on the rotational frequency are typical.  Therefore, using the known nominal frequency values 

ω0nomp, and the power Ppnom, the required synchronous rotational speed ω0p determining the parameters 

AIp, and the corresponding torque hp on the pump shaft for the mode with power Pp: 
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(30) 

where the representation of parameters and physical variables in relative units is used. As a basic 

mode, the nominal load mode has been taken, according to the parameters of which the basic basis 

values are adopted (Table 2). 

 

 
 

Figure 4. Approximated discharge-pressure characteristics of the tidal aggregate 

Vislogubskaya TPS (Tidal power station) in the direct pump mode. 

 

In this example, an equivalent three-phase load of 100 kW is realized with the parameters: 
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The filter used in the load circuit is approximately tuned to cancel out 5-7 harmonics and has the 

parameters in relative units lfl = 0,286 , cfl = 3,88. Reproduction of the static mode with the given data 



  

has given a combination of indicators (Table 3). They show the effective implementation possibility of 

this and other operation modes of the autonomous power plant complex.  Figure 5 shows the 

calculated phase and load stress diagrams in the static mode under consideration.  In the PWM 

algorithm, a clock frequency of 18 kHz and a modulation frequency of 1,8 kHz have been applied. 

 

Table 2. The parameters of the basic regime and the basic values of the design scheme of the 

power plant. 

Value Designation Formula Value Unit. am. 

Active power of three-phase load Pl 

 

400 kW 

Load power factor cosφl  0,707  

Total power of three-phase load Sl Pl/ cosφl 566 kVA 

Angular Frequency of voltage f1 

 

50 Hz 

The effective value of phase 

voltage Ul 

 

220 V 

The effective value of the phase 

current Il Sl /(3 Ul) 857 A 

Basic voltage UB √2∙Ul 311 V 

Basic current   lB √2∙Il 1212 A 

Basic angular frequency ωB 2πf1 314,1593 1/s 

The basic angle of rotation θB 

 

1 

  

 

Table 3. Integral characteristics of the load channel after the filter in relative units. 

 

Ieffload Ueffload cosφload Selload Sel1load Pelload Q1load Q2load kmload ksload  k2load 

0,22 0,7148 0,709 0,4717 0,408 0,289 0,288 0,236 0,614 0,709 0,8655 

 

 
(a) 

 
(b) 

Figure 5. Calculation diagrams of the currents and voltages of the load phases before the 

filter (a) and stator of the tidal machine in the operating mode of the pump motor (b). 

 

Figure 6 shows the spectra of current harmonics and load voltages in the mode under 

consideration. 

 



  

 
(a) 

 
(b) 

Figure 6. The calculated spectra of the phase current harmonics (a) and the load voltage (b) in 

the static mode in relative units. 

 

 

5. Conclusions 

 

A mathematical model of a complex of an autonomous power plant built on the basis of a tidal 

aggregate and using other sources as a backup has been worked out. Efficient algorithms for mapping 

the functioning of electric machine aggregates complete with power electronic converters of electric 

energy parameters have been applied. 

The detailed analysis possibility of various operating modes of the units, including the functioning 

of the tidal aggregate by the turbine and the pump, is illustrated. 

The analysis of static and dynamic modes of operation of a power plant and its separate structures 

on the basis of computer modeling of deterministic and random processes of functioning makes it 

possible to obtain the necessary information for the selection of technical solutions for the 

development of energy efficient local power supply systems. 
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