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Abstract- This paper evaluates the effect of converter and generator losses on the maximum power point (MPP) of 8 

variable speed micro-hydropower energy conversion systems. As a case study, a semi-Kaplan micro-hydropower 9 

turbine with a permanent magnet (PM) generator and a back-to-back full converter is considered. Using the 10 

analytical model, different loss terms, such as converter losses, PM generator losses and mechanical losses are 11 

calculated at different shaft speeds. Then, the curves of turbine power and injected power to the grid are 12 

extracted as a function of turbine speed. It is shown that the maximum attainable power of the variable-speed 13 

hydropower system does not correspond to the MPP of hydraulic turbine. In other words, to get the maximum 14 

power from the whole hydropower system, it is necessary to consider power losses of the electric generator and 15 

power electronic interface between the turbine and the grid. These power losses can change the power-speed 16 

characteristics or MPP location of the hydropower system. According to this fact, the conventional MPP tracking 17 

(MPPT) algorithms which try to track the MPP of hydraulic turbines fail to extract the maximum power. Hence, a 18 

modified perturb and observe (P&O) MPP tracking algorithm is proposed for the variable speed hydropower 19 

systems to increase their efficiency. The modified tracking algorithm finds the “optimum MPP” automatically and 20 

without the extra calculations. Also, the injected power to the grid is increased 3.7% when the modified algorithm 21 

is applied to the studied case study. Finally, the validity of theoretical claims is verified by experimental tests on a 5 22 

kW hardware prototype.  23 

24 

Keywords- Full converter, Loss calculations, Micro-hydropower, MPPT algorithm, Permanent magnet synchronous 25 

generator, Variable speed hydropower system 26 

27 

1- Introduction 28 

Hydropower is one of the earliest and most commonly used renewable sources of electricity in the human life. 29 
It represents more than 16% of the global electricity generation [1], and is the largest global renewable energy 30 
source [2]. This source of energy can be converted to electricity via the hydraulic turbine and electric generator. 31 
The size of hydraulic turbine may vary from several KW to hundreds of MW, where the term micro-hydropower is 32 
used for the turbines with a capacity lower than 100 kW [3]. In micro-hydropower stations, the plant is usually 33 
installed in a run-of-river manner with a small reservoir or no reservoir and the water head is low. Such 34 
hydropower stations represent an environmentally friendly solution, since they do not interfere with the rivers 35 
flows [4].  36 

The early hydropower stations were of fixed speed type. This kind of stations suffers from two main problems: 37 
1-inability to produce power in the whole range of water head and 2-low efficiency in partial generation or under 38 
off-design operating condition [5]. Some references have focused on the hydraulic design and flow characteristics 39 
optimization of hydraulic machineries to increase efficiency and reduce energy loss. In [6], unsteady cavitation 40 
flows under off-design conditions and their impacts on the efficiency and the operational stability are studied. In41 
[7], a systematic investigation into the influence of tip clearance size on energy performance and pressure 42 
fluctuation for a mixed-flow hydraulic machine is conducted. Ref. [8] evaluates the role of blade rotational angle in 43 
the energy performance and pressure fluctuation of the mixed-flow hydraulic machine through an experimental 44 
measurement and numerical simulation. 45 

By recent advances in the power electronics, the variable speed operation can be employed for the 46 
hydropower systems similar to modern wind turbine energy conversion systems (WTECs). This technology allows 47 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 

 

controlling the turbine speed in a wide range of water flows and water heads. It has higher efficiency than 48 
alternative approaches and lower operating costs. Moreover, it can help to improve dynamic stability of the 49 
turbine at off-design condition [9]. The cavitation effect can be mitigated and the drive train can be simplified 50 
more. Also, by the increase of total generated power, the income of hydropower station increases [10].  51 

The literature review shows that two approaches have been developed for variable speed hydropower and 52 
WTEC stations, which are Doubly-Fed Induction Generator (DFIG) and Full Power Converter (FPC) back-to-back 53 
connection with synchronous generator [11]. The main goal in these approaches is to adjust the turbine speed in a 54 
wide range of operating conditions to achieve the maximum efficiency. To find the optimum operating speed, 55 
there are two general approaches: indirect and direct approaches [12]. In indirect approaches, the optimum 56 
operating point is estimated according to the data of sensors and existing characteristic curves of hydraulic 57 
turbines in lookup tables. For example, reference [13] measures water head and water flow on-line to determine 58 
the appropriate turbine blade positions according to hill-diagrams of Kaplan turbine. Also, reference [14] employs 59 
a direct power control approach to directly control the injected power to the grid without the speed control loop. 60 
This method, however, needs data of water flow, shaft speed and turbine dimensions to estimate the reference 61 
power by mathematical models. In brief, necessity to some expensive sensors and inability to adapt the control 62 
system to changes of hydraulic system are main drawbacks of the indirect approach [12]. 63 

On the other side, direct methods are based on searching algorithms and are generally independent from the 64 
turbine parameters and do not need expensive sensors. These approaches have been well developed for wind 65 
energy systems and are categorized as tip speed ratio (TSR) control, optimal torque (OT) control, power signal 66 
feedback (PSF) control, perturb and observe (P&O) control, artificial intelligent methods, and hybrid control 67 
techniques [15-20]. In all of these methods, the controller is designed to track the MPP of turbine and to get the 68 
maximum power in a wide range of operating conditions. In contrast to WTECs, a few papers have been presented 69 
in the field of variable speed hydropower systems to track the MPP of water turbine [21-23]. Reference [21] 70 
introduces an adaptive P&O algorithm for micro hydropower systems. It employs an adaptive coefficient K which 71 
increases in the tracking phase and decreases once the MPP is reached. This idea allows reducing the mechanical 72 
shaft vibrations. The performance of adaptive P&O algorithm has been improved in [22] by adding an active 73 
disturbance rejection control to the MPPT loop. A modified phasor extremum seeking control has also been 74 
proposed in [23] as an MPPT tool for micro hydropower plants. This method has the advantage of fast convergence 75 
to the extremum (or the peak power point) compared to previous algorithms.  76 

All above methods try to find the MPP of hydraulic turbines in a short time and with the minimum stress on the 77 
mechanical parts to extract the maximum power. But, as it is shown in this paper, the maximum attainable power 78 
of the variable-speed hydropower system does not correspond to the MPP of hydraulic turbine. In other words, to 79 
get the maximum power from the whole hydropower system, it is necessary to consider power losses of the 80 
electric generator and power electronic interface between the turbine and the grid. In fact, these power losses can 81 
change the power-speed characteristics or MPP of the hydropower system. Hence, to discriminate the MPP of the 82 
hydraulic turbine from the MPP of the whole system, the term “optimum MPP” is used for the latter and is 83 
investigated in detail in this paper.  84 

According to literature review, some references such as [24-27] have mentioned the shift of MPP in wind 85 
energy conversion systems. Reference [24] has considered a 20 KW wind turbine connected to a permanent 86 
magnet synchronous generator (PMSG), where the stator terminals are connected to a diode rectifier and a 3-87 
phase voltage source inverter. This reference calculates PMSG losses with considering a constant flux density for 88 
the machine (in all operating points) and evaluates the loss effect on the optimum MPP. The loss model, however, 89 
is simple and it does not consider the converters losses and the effect of harmonic terms (caused by diode 90 
rectifier) on machine losses. Reference [25] has used a similar topology as [24] but it replaces the synchronous 91 
machine with an air-cored PMSG. It proposes an equivalent circuit for the loss calculation of air-cored PMSG. But, 92 
same as [24], the converters losses are not considered and the loading effect on the flux density is not evaluated. 93 
Reference [26] has presented a hybrid tracking algorithm to track the MPP efficiently. Using some experiments, it 94 
shows that the MPP of whole system must be tracked instead of MPP of wind turbine to achieve higher efficiency. 95 
This reference, however, does not provide any theoretical justification for its claim. The author of [27] has 96 
proposed an interesting maximum efficiency point tracking method for a variable speed small hydropower plant 97 
which employs two control loops: one as water level governor and one as an adaptive load controller to find the 98 
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optimal operation point of the system and to maximize the system efficiency. In [27], the generated active power 99 
at the grid side is used to find the optimum operating point and to maximize the total efficiency. But, there is no 100 
analysis about the effect of different loss terms on the optimum operating point of the system. 101 

In this paper, due to lack of knowledge about the impact of internal system losses on the MPP of a variable-102 

speed micro hydropower system, a complete theoretical analysis is presented for the calculation of different loss 103 

terms at various speeds. As a case study, a semi-Kaplan turbine coupled to a PM synchronous generator is 104 

considered. The micro-hydropower system is connected to the grid by a back-to-back power electronic unit and 105 

the variable-speed control is applied to the turbine. Different loss terms as a function of shaft speed are calculated 106 

and demonstrated to show their impacts on the MPP of total system. It is proved that the MPP of whole system 107 

does not correspond to the MPP of the hydraulic turbine. Also, a modified MPP tracking algorithm is proposed to 108 

extract the maximum power of the whole system. The experimental results are provided to verify the validity of 109 

analytical achievements.  110 

 111 

2. Structure of micro-hydropower generation system 112 

The studied hydropower generation system in this paper has three main parts: micro-hydropower turbine, 113 

synchronous generator, and power electronic unit between the generator and the grid which are explained in the 114 

following subsections.   115 

 116 

2.1. Micro-Hydropower turbine  117 

In this paper, a propeller (or semi-kaplan) turbine with fixed blades and fixed guide vanes is considered. This 118 

kind of turbine is a reaction turbo-machine and has a similar operating principle to standard wind turbines. As it is 119 

shown in Fig.1, the turbine is a vertical axis machine which is fed by a penstock linked usually to a reservoir which 120 

is supplied by an upstream canal. This configuration is suitable for run-of-river and low head power generation 121 

stations.  122 

Blade

Rotor

Stator
PMSG

Penstock

Water flow

Vane

Water outlet

 123 
Fig.1. Schematic of semi-Kaplan turbine with fixed guide vanes and fixed blades 124 

 125 

The turbine converts the available energy of the water to mechanical power. The available hydraulic power 126 

depends on the water flow rate (discharge) and water head which is given by [21]: 127 

hP gHQρ=  (1) 

where ρ is the specific density of water (kg/m
3
), g is the acceleration due to gravity (9.8 m/s

2
), H is the net water 128 

head (m) and Q is the water flow rate (m
3
/s). The extractable mechanical power PT is related to the hydraulic 129 

power by the following equation:  130 
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T h h hP P gHQη η ρ= =  (2) 

being ηh the hydraulic turbine efficiency. Since the turbine will be operated over a wide range of rotor speeds, an 131 

accurate model which precisely reflects the behavior of hydraulic system at different operating conditions is 132 

needed [28]. The accurate models can be obtained from the so-called efficiency hill charts. These charts are usually 133 

given by manufactures or can be obtained by experimental tests on a scaled down system. The hill charts 134 

represent constant efficiency curves as a function of flow rate Q and rotational speed ωm at different water heads 135 

H. For simplicity, it is possible to consider the water head fixed and to model the system in a 2D plane [21]. Then, 136 

to achieve the optimal operation, the control system should compensate the effect of water head variations in 137 

reality and looks for the MPP. This goal can be achieved by MPP tracking (MPPT) algorithms which are 138 

independent of system parameters and do not need water flow and water head sensors, such as P&O algorithm.  139 

In this paper, the efficiency curves for the utilized semi-Kaplan turbine are modeled based on the approach in 140 

[21, 28]. According to [28], the efficiency curve of a fixed-head propeller (or semi-Kaplan) turbine at steady state 141 

condition can be modeled by the following formula: 142 
50

90
( , ) 0.5 ( 0.78) (3.33 )
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= + + 

  

 = − = + 

 
(3) 

 143 

where R is the radius of turbine (m), A is the area swept by the rotor blades (m
2
), and ωm is the shaft speed (rad/s). 144 

The validity of (3) has been verified in [28] by different experimental measurements and curve fittings. Again it is 145 

point out that (3) is valid for fixed-head propeller turbines and the effect of water head variations will be 146 

compensated by the control system.   147 

Fig.2 demonstrates the steady-state power-speed curves according to (2) and (3) for a turbine with a fixed head 148 

of H=1m and the radius of R=0.27m. These curves are illustrated at different water flow rates and corresponding to 149 

each curve there is a unique MPP. The existing control techniques try to track these MPPs when the water flow 150 

rate or water head changes [28].  151 

 152 

 153 

 154 
Fig.2. Semi-Kaplan turbine power-speed curves at different water flow rates and fixed head of H=1m   155 

 156 

         157 

2.2. Drive train and power electronic interface 158 

As it is seen in Fig.1, the turbine shaft is connected to the generator shaft with a rigid coupling. Then, with the 159 

turning of hydraulic turbine, the mechanical power is generated and the mechanical toque is transferred to the 160 

generator shaft. Hence, the turbine torque can be given by 161 
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h hT
T

m m

PP
T

η
ω ω

= =  (4) 

On the other side, the synchronous generator generates the electromagnetic torque Tem and the motion 162 

equation can be written as [29] 163 

m
T em m

d
T T J B

dt

ω ω− = +  (5) 

where J is the total moment inertia of the turbine-generator coupling and B represents the rotational viscous 164 

coefficient.  165 

The block diagram of power electronic interface is illustrated in Fig.3. As it is seen, a back-to-back full converter 166 

is employed and the generated electric power is transferred via it. In this structure, the machine side converter is 167 

responsible for the speed control of hydraulic turbine and the grid side converter regulates the dc bus voltage and 168 

controls the injected currents to the grid.  169 

       170 

PMSG

Machine side converter Grid side converter

ωm

Vdc
Lg,Rg

iag

ibg

icg

vag

vbg

vcg

Grid side 

transformer

Machine side 

control
Grid side

control

iam

ibm

icm

Pgrid

ωm
*

MPPT algorithm 
ωm

 171 
Fig.3. Block diagram of the micro hydro-power system and power electronic interface   172 

 173 

2.3. Control of machine side and grid side converters 174 

The machine side converter is controlled by the vector control theory. This theory is widely used in the control 175 

of electrical machines and three-phase power electronic systems [29]. In this analysis, the three-phase variables 176 

are converted to vectors with orthogonal d-q axis terms in a synchronous rotating d-q axis system and 177 

consequently reduce the system order and simplify the calculations. In the following, the vector control of PMSM 178 

is obtained by fixing the rotor magnet axis (λm) to the direct axis (d-axis) of stator winding. In other words, the 179 

rotor flux is assumed to be concentrated along the stator d-axis while there is zero flux along the q-axis. Moreover, 180 

the rotor reference frame is considered for modeling which means that the equivalent d- and q-axis stator 181 

windings are transformed to the reference frame that is revolving at rotor speed ωr. Using these assumptions, the 182 

stator d- and q-axis voltage equations and the torque equation can be written as [29]: 183 

( )

( )

d
d s d d r q q

q
q s q q r d d r m

di
u R i L L i

dt
di

u R i L L i
dt

ω

ω ω λ

 = + −

 = + + +


 (6) 

3
( ( ) )

2em n m q d q d qT P i L L i iλ= + −  (7) 
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where (Ud, Uq) and (id,iq) represent stator voltage and current variables in d-q axis system, Ld and Lq are called d- 184 

and q-axis inductances, respectively. Pn is the number of pole pairs, Tem is the electromagnetic torque, and ωr is the 185 

electrical rotor speed and is equal to Pnωm. In this paper, id=0 control is employed to achieve a linear relation 186 

between the electromagnetic torque and the q-axis current. The reference of q-axis current iq
*
 will be defined by 187 

the speed regulator, where the speed reference is determined by the upstream MPPT controller.  188 

The function of grid side controller is to control the dc bus voltage and to control the injected current to the 189 

grid. Using a 3-phase PLL, the phase of grid voltage is determined and a current with the desired power factor (in 190 

this paper, unity power factor) is injected. 191 

 192 

3. Calculation of different loss terms 193 

In this part, different loss terms, including the mechanical loss, the generator loss, converters losses and the 194 

filter loss are calculated at steady state condition. The final goal is to obtain the loss terms at different operating 195 

points of the turbine. In other words, similar to power-speed curves in Fig.2, the power loss curves will be 196 

calculated in “n” distinct operating points (or speeds). In this paper, the “k
th

” operating point (or speed) is defined 197 

by: 198 

, , 1 , 1,2,...,m k m k m k nω ω ω−= + ∆ =  (8) 

where, ∆ωm is a fixed value, e.g., 1 rad/s, and determines the amount of speed change in each step. In the provided 199 

algorithm for power loss calculations, the operating speed will be increased from zero to the maximum value and 200 

the generator phase current (|Is|, where |Is|=|iq,k|) and the grid phase current (Ig,k) will be calculated to estimate 201 

the loss terms. Noting to (5), (7), and neglecting the friction losses, one can obtain the generator q-axis current at 202 

steady-state as: 203 

,
,

,1.5 1.5 1.5
T kem T

q k
n m n m n m m k

PT T
i

P P Pλ λ λ ω
= ≅ ≅  (9) 

where, iq,k represents the stator q-axis current at ωm,k and PT,k is the corresponding turbine power at ωm,k. (9) is 204 

valid for id=0 control and also for the case that synchronous generators with surface mounted permanent magnets 205 

are utilized. For calculation of the grid phase current, first the injected power to the grid is determined by 206 

, , ,grid k T k Loss kP P P= −  (10) 

where, Ploss,K represents the total system losses at ωm,k. Since the loss curve is a continues function of speed, it is 207 

possible to approximate the power loss term at ωm,k with the total loss term at ωm,k-1 (which is known from the 208 

previous iteration of the proposed loss calculation algorithm in Fig.4) if the step size ∆ωm is small enough. So, (10) 209 

can be rewritten as 210 

, , , 1grid k T k Loss kP P P −≈ −  (11) 

 211 

In the following parts, the procedure of power loss calculation is explained in detail. Assuming that the grid side 212 

voltage is balanced and the injected current to the grid is sinusoidal with unity power factor, the rms of injected 213 

current to the grid is obtained as  214 

, , , 1
, 3 3

grid k T k Loss k
g k

g g

P P P
I

V V
−−

= =  (12) 

where Ig,k is the rms value of phase current at ωm,k and Vg represents the rms value of grid voltage. In the following 215 

subsections, different loss terms are calculated based on the estimated current variables in (9) and (12). 216 

 217 

3.1. PM generator losses 218 

The losses in a PMSG include winding loss, core loss and permanent magnet loss, where the permanent magnet 219 

loss is neglected because the air gap field usually rotates in synchronous with the rotor, and the magnets do not 220 
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experience a time varying field [30]. Winding loss is related to internal resistances of stator windings and can be 221 

determined by  222 

( ) 22 2 2
, , , ,

3 3 3

2 2 2W k s s s d k q k s q kP R I R i i R i= = + =  (13) 

where, |Is| is the amplitude of stator phase current and Rs is the equivalent resistance of one phase and depends 223 

on winding temperature. Moreover, due to skin effect, the ac current which passes through the winding will see a 224 

lower conductor area and a greater resistance. Considering both temperature and skin effect, Rs can be estimated 225 

by     226 

(1 ( 20)) (1 )s dc sR R T yα= + − ⋅ +  (14) 

where, Rdc is the winding dc resistance at 20°c, α is the temperature coefficient of resistance for copper 227 

(α=0.004041), T is the temperature of winding at operating condition, and ys is the skin effect factor and can be 228 

determined according to the procedure explained in IEC 60287-1-1 standard [31]. 229 

Core loss estimation can be performed by empirical models such as Steinmetz-Model or more physical based 230 

models such as the Berotti-Model which shows the total core losses as a combination of hysteresis, eddy current, 231 

and excess losses, i.e.,  232 
2 2 1.5 1.5( )h

core h ed ex coreP k fB k f B k f B W= + + ⋅  (15) 

where f is the magnetization frequency, B is the peak value of the magnetic flux density, Wcore represents the core 233 

weight, and the rest parameters are material specific parameters which can be identified either by referring to 234 

lamination material datasheet or doing some measurements and using polynomial curve fitting [32]. It is worth 235 

mentioning that the average flux density is not equal in different parts of the stator. So one may use the finite 236 

element model (FEM) tool to obtain the average flux density at different parts of the stator and to apply (15) for 237 

power loss calculation at each part [33]. Some other references have proposed a method for estimation of average 238 

flux density at the stator tooth and yoke, i.e., Bt and Bj, according to the dimensional and design parameters of the 239 

machine and eliminated the necessity for FEM tool [34]. The average flux density in the tooth and yoke can be 240 

derived from d- and q-axis flux linkages as [34] 241 

, 2 2
,

d q
td q t td tq

tc

B B B B
S

λ
= → = +  (16) 

, 2 2
,

d q
jd q j jd jq

jc

B B B B
S

λ
= → = +  (17) 

Where, Stc and Sjc represent the equivalent areas of stator tooth and stator yoke, respectively. The procedure of 242 

finding the equivalent Stc and Sjc have been explained in [34]. In addition, flux linkages can be calculated as 243 

,

,

d d d k m

q q q k

L i

L i

λ λ
λ

= +
 =

 (18) 

Then, the total machine losses at the shaft speed ωm,k can be written as 244 

, , ,mach k W k core kP P P= +  (19) 

 245 

3.2. Mechanical loss  246 

Mechanical loss has different terms, including coupling, bearing and windage loss. Coupling loss is related to 247 

the loss of mechanical coupling between the turbine and generator shaft. Bearing loss is a mechanical friction 248 

between the rotor and the bearing and the windage loss is related to the friction between the rotor and the air. 249 

The expression of total mechanical loss at the operating speed ωm,k can be given by [35]: 250 

2
, , ,mech k b m k w m kP k kω ω= +  (20) 
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where, kb and kw are loss parameters which depend on the rotor weight, length, shape, and shaft diameter. To 251 

determine these two parameters, one can apply a no load test on the set of turbine and generator and then to 252 

measure the power loss as a function of speed. The obtained loss-speed curve under no load condition is a sum of 253 

core loss and mechanical loss [36]. Then, the value of core loss can be calculated from (15) and subtracted from 254 

the total loss. The obtained curve can be fitted to the formula of (20), and therefore, the mechanical loss 255 

parameters, i.e., kb and kw are determined. 256 

257 

3.3. Machine side converter loss 258 

Machine side converter is a three phase voltage source converter which is utilized for control of turbine speed. 259 

In fact, the employed controllers for the control of id and iq will generate the stator d- and q-axis voltages. Then, 260 

the PWM modulator will synthesize the abc voltages from dq components.  261 

The loss terms in the machine side converter include conduction and switching losses of the power switches 262 

and diodes. Reference [37] explains the mechanism of power loss calculation in a voltage source inverter and a 263 

similar method with some modifications is utilized in this paper. According to [37], the average conduction losses 264 

for a power switch Pcon,s and a diode Pcon,d in a period can be estimated by, 265 

2
,

1 1
( ) | | ( cos ) | |
8 3 2 8con s ce s ceo s

M M
P r I V Iθ

π π
= + + +  (21) 

2
,

1 1
( ) | | ( cos ) | |
8 3 2 8con d d s Fo s

M M
P r I V Iθ

π π
= − + − (22) 

266 

In (21) and (22), the i-v characteristics of the switch and diode have been approximated by linear equations of 267 

ce ceo ce cV V r I= + and d Fo d cV V r I= + . Moreover, |Is| is the amplitude of stator current (or generator phase current)268 

and is obtained from 2 2
, ,s d k q kI i i= + . θ is the phase difference between stator current and voltage, i.e.,269 

( ) ( )d q d qu ju i jiθ = ∠ + − ∠ +  and M represents the modulation index of the converter, which is approximated by270 

2 2
1 (2 )d q dcM u u V= + (23) 

where subscript 1 is used for the machine side converter and the variables ud and uq are determined from (6). In all 271 

above equations, the calculations are done at steady-state condition and the derivative terms are set to zero.   272 

Switching energy losses of power switches (IGBTs in this paper) contain turn-on and turn-off losses, i.e., 273 

Esw=Eon+Eoff, and for the diodes is equal to reverse recovery losses, i.e., Esw=Err. The semiconductor manufacturers 274 

usually give the curves of turn-on, turn-off and reverse recovery losses as a function of current at a specific 275 

operating voltage and junction temperature. For each of these terms, the corresponding curve can be 276 

approximated by a second order polynomial. For example, Eon curve can be approximated by 277 
2

1 2 3on c cE a I a I a= + + (24) 

where, Ic is the device current at the switching instant, and a1, a2, and a3 are coefficients of second order 278 

polynomial and are obtained from curve fitting procedure. The dependency of switching energy on the supply 279 

voltage Vcc and chip temperature can also be considered by 280 

( ) (1 ( ))vKcc
sw swref sw j jref

ccref

V
E E TC T T

V
= ⋅ ⋅ + − (25) 

Where Kv is the exponent of voltage dependency (IGBT ̴1.2…1.4; Diode   ̴0.6) and TCsw is temperature coefficient of 281 

switching losses (IGBT  ̴0.003; Diode  ̴ 0.005 …0.006) [38]. In (25), the subscript ref is related to nominal test 282 

conditions which are known in the device datasheet. Noting to (24), (25) and assuming that the machine current is 283 

sinusoidal, i.e., Is=|Is|sinα, the corresponding average turn-on loss term in a fundamental cycle can be obtained as 284 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

9 

2

1 2 3
( )

0

1
( ) ( ) (1 ( ))

2 4 2
vs s Kcc

on av on sw j jref
ccref

a I a I a V
E E d TC T T

V

π

α
π π

= = + + ⋅ × + −∫ (26) 

Also, for calculation of turn-off and reverser recovery losses, a similar method can be employed. Considering all 285 

loss terms, the total machine side converter loss Pc1,k at ωm,k can be given by 286 

1, , , 16 ( ( ))c k con s con d on off rrP P P f E E E= ⋅ + + ⋅ + +  (27)

where, f1 represents the switching frequency of the machine side converter. 287 

3.4. Grid side converter loss 288 

Calculation of power loss in the grid side inverter is similar to the machine side converter and the same 289 

formulas are applied. In this case, the phase current is estimated by (12) and the modulation index for the grid side 290 

converter is determined by 291 

2 2
2 , ,(2 2 ( ) ( ) )g f g k f g k dcM V R I L I Vω= + + (28) 

 where, Rf and Lf represent the resistance and inductance value of grid side filter. The rest procedure for loss 292 

calculation is same as subsection 3.3. So the total grid side converter loss Pc2,k at operating speed ωm,k is expressed 293 

by 294 

2, , , 26 ( ( ))c k con s con d on off rrP P P f E E E= ⋅ + + ⋅ + + (29) 

where, f2 represents the switching frequency of the grid side converter. 295 

3.5. Grid side filter loss 296 

At the grid side, an inductive filter is utilized to filter the ac current and to keep the harmonic current lower 297 

than standard limits. This filter will lead to some copper and core losses which should be accounted in the total 298 

loss calculation. The copper loss can be obtained from (13) by knowing the filter resistance and the correction of 299 

resistance value from (14). Moreover, the core loss can be estimated by (15) with knowing the core material and 300 

thickness of utilized laminations in the inductors. So, the total loss of the filter Pfilter,k at operating speed ωm,k can 301 

be given by  302 
2

, , _ ,3filter k f g k core filt kP R I P= + (30) 

303 

4. Evaluation of loss effect on the MPP of hydropower system304 

The given flowchart in Fig.4 shows the procedure for calculation of different loss terms in a variable-speed 305 

hydropower system. Here, it is assumed that the water flow rate and water head are constant and the turbine 306 

torque is calculated form (4). In the proposed flowchart, the shaft speed is increased from zero to the maximum 307 

value (according to (8)) and the corresponding generator phase current and the grid phase current are estimated 308 

from (9) and (12). Then, based on equations (13) to (30), different loss terms are calculated at the operating speed 309 

ωm,k. The total loss of the hydropower system is then determined by  310 

, , , 1, 2, ,loss k mach k mech k c k c k filter kP P P P P P= + + + +  (31)

After calculation of different loss terms at ωm,k and verifying that the maximum speed has not reached, the 311 

temperature variables are estimated and the temperature dependent parameters are updated. Then, the above 312 

procedure is repeated for the next operating point (or shaft speed).  313 

Using the proposed flowchart in Fig.4, one can obtain the curves of turbine power and injected power to the 314 

grid (as a function of shaft speed) and then evaluate the impact of different loss terms on the MPP of hydropower 315 

system. For example, for a 5-kW micro-hydropower system with the parameters given in Table I, the above 316 

procedure is performed and the corresponding curves, including the turbine power, total system loss, and the 317 

injected power to the grid are derived and shown in Fig.5. It is worth mentioning that the variation of temperature 318 

variables in Fig.5 has been ignored.      319 
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, , , 1, 2, ,loss k mach k mech k c k c k filter kP P P P P P= + + + +

 320 
Fig.4. Flowchart of power loss estimation in the micro hydro-power system 321 

 322 
Fig.5. Calculated turbine power, injected power to the grid, and total system loss at Q=0.28 m

3
/s and H=1 m  323 

 324 
From Fig.5, one can see that the MPP of whole hydropower system is shifted to the right when it is compared 325 

to the MPP of the hydraulic turbine. For instance, at Q=0.28 m
3
/s, the MPP location is shifted from 983 to 1069 326 

rpm. In addition, the injected power to the grid increases from 1033 to 1057 W, when the new MPP is considered. 327 

Other important variables at the MPPs of Fig.5 are given in Table I. 328 
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  Table I. Values of important variables at the “Turbine MPP” and the “optimum MPP” (H=1 m and Q=0.28 m
3
/s) 329 

 Turbine MPP Optimum MPP 

Turbine power (W) 1526 1500 

Injected power to grid  (W) 1033 1057 

Mechanical speed  (rpm) 983 1069 

Turbine torque  (N.m) 14.8 13.4 

 330 

Fig.6 shows the loss distribution among different components of the hydropower system at Q=0.28 m
3
/s and 331 

H=1 m. According to Fig.6, the PMSG and the machine side converter have the highest impact on the total loss. In 332 

addition, the maximum loss in the PMSG and the machine side converter correspond to the point of maximum 333 

torque, where the stator current has the greatest value. On the other side, the maximum loss in the grid side 334 

converter corresponds to the point of optimum MPP, where the injected current to the grid has the maximum 335 

value. It is worth noting that the grid side filter has negligible losses and is not demonstrated in Fig.6.  336 

 337 

  338 
Fig.6. Different loss terms of the micro hydro-power system at Q=0.28 m

3
/s and H=1 m  339 

    340 

5. Experimental Verification 341 

To verify the validity and accuracy of obtained results in Section 3 and 4, some real-time simulations are carried 342 

out on a 5-kW hardware prototype with the parameters given in Table II. In the experimental investigations, a dc 343 

machine is utilized to emulate the behavior of micro hydro turbine (Fig.7.a) by a closed loop control on the 344 

armature current. 345 

For the control and emulation of hydropower system, the D-SPACE system is employed which allows the real-346 

time simulation and rapid prototyping [39]. Using this facility, all the control system can be designed in 347 

Matlab/Simulink environment and the variables can be watched and adjusted during real-time simulations. For 348 

measuring the shaft speed and electrical angle, an incremental encoder has been employed on the machine shaft. 349 

In addition, the power electronic interface is selected same as the one in Fig.3 and vector control is employed for 350 

the control of machine side and grid side converters.   351 

 352 

 353 

 354 
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Table II. Parameters of the micro-hydropower system utilized in analytical and experimental verifications 355 

Section Description of Variable Symbol Value 

Turbine  

Type  Semi-Kaplan 

Radius of turbine R 0.271 m 

Area swept by turbine blades A 0.23 m
2
 

Water head H 1 m 

PMSG 

Number of pole pairs Pn 4 

Stator phase resistance Rs,dc 0.1 Ω 

d-axis inductance Ld 0.85 mH 

q-axis inductance Lq 0.95 mH 

Magnet flux λm o.1 Wb 

Core loss 

parameters 

Hysteresis  Kh 1.526e
-5

 

Eddy current  Ked 8.5067e
-7

 

Excess kex 0.003 

Weight Wcore 15 Kg 

Turbine+PMSG 

Mechanical loss 

parameters 

Bearing kb 0.2437 

Windage Kw 1.22e
-6

 

Moment of inertia J 0.0048 Kg.m
2

Power 

electronic 

interface 

Dc bus voltage  Vdc 400 V 

Dc link capacitor Cdc 2.2 mF 

Output filter inductance Lf 7 mH 

Output filter resistance Rf,dc 65 mΩ 

Phase rms voltage Va 137 V 

Switching frequency fsw 10 kHz 

Power switch type  SKM 50 GB 123 D 

Switch conduction loss parameters 
rce 28 mΩ 

Vceo 1.7 V 

Diode conduction loss parameters 
rd 22 mΩ 

Vfo 1.2 V 

Switch turn on loss parameters 

Eon 

a1 0.0004747 

a2 0.1518 

a3 0.1197 

Switch turn off loss parameters 

Eoff 

a1 -0.0007585 

a2 0.1429 

a3 0.1249 

Diode reverse recovery loss 

parameters Err 

a1 -0.0005622 

a2 0.07038 

a3 -0.003097 

356 

(a) (b)

Fig.7.Utilized test-bench for emulation of hydropower system, (a) dc machine and PMSG coupling, (b) dc drive 357 

and back-to-back full converter system 358 

PMSG DC machine 

DC drive Back-to-Back 

converter 
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5.1. Evaluation of loss model and the MPP location   359 
To compare the data of analytical model and the experimental results, the experimental data is extracted for a 360 

similar operating condition as the analytical model. To do this, the rotor speed is increased from zero to the 361 

maximum value and the corresponding turbine torque (based on already defined power-speed curves in Fig.2) is 362 

generated by the dc machine and transferred to PMSG. Then, the corresponding turbine power Pturb-exp and the 363 

injected power to the grid Pgrid-exp are measured at different operating speeds.  364 

The corresponding data from calculation model and experiments for water flows Q=0.28 and Q=0.36 m
3
/s have 365 

been derived and demonstrated in Fig.8.a and 8.b, respectively. In these figures, the data of calculation model are 366 

shown by solid lines and the experimental data are shown by “+” symbol. 367 

 
(a) 

 
(b) 

Fig.8. Turbine power and injected power to the grid based on calculation model (Pturb, Pgrid) and the experimental 

measurements (Pturb-exp, Pgrid-exp) at: (a) Q=0.28 m
3
/s, (b) Q=0.36 m

3
/s 

368 
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To verify the error between the analytical model and the experimental results, the percent error formula in (32) 369 

is utilized:  370 

experimental model

model

% 100
X X

Error
X

−
= ×  (32) 

Using (32), one can calculate the percent error between a theoretical variable (data of model) and measured value 371 

in practice. According to (32) , the percent error of turbine output power Pturb as a function of shaft speed has been 372 

calculated and demonstrated in Fig.9.a and Fig.9.b for water flows Q=0.28 and Q=0.36 m
3
/s, respectively. 373 

  
(a) (b) 

Fig.9. Percent error of the turbine output power Pturb and Pturb-exp as a function of shaft speed at (a) Q=0.28, (b) 

Q=0.36 m
3
/s 

 374 

As it is seen from Fig.9.a and Fig.9.b, the error is less than 1% in a wide range of operating speeds. Hence, it is 375 

concluded that there is a good agreement between the Pturb curve and the measured one Pturb-exp which confirms 376 

the correct modeling of the hydro turbine in practice. Hence, in continue, one can trust on the measured data for 377 

the injected power to the grid (or Pgrid-exp) and compare it with the theoretical one.  378 

The comparison between the theoretical Pgrid curve and the measured data Pgrid-exp confirms that the presented 379 

loss modeling in sections 3 and 4 is in good agreement with the experimental results. The very small difference 380 

around the peak power point (left side of MPP) is because of neglecting the variation of temperature variables in 381 

the power loss calculations. Same as theoretical results, it is evident that the MPP of whole system does not 382 

correspond to the MPP of hydraulic turbine. This result confirms that for obtaining the maximum power of the 383 

hydropower system, one has to track the MPP of whole system instead of turbine MPP.  384 

 385 

5.2. Modified P&O tracking algorithm  386 
In practice, to find the “optimum MPP” of the hydropower system, one can employ the standard P&O 387 

algorithm with some modifications. Fig.10.a and 10.b show the block diagram of standard P&O algorithm and the 388 

modified algorithm in this paper, respectively. As it is seen from Fig.10.a, in the conventional P&O, the shaft speed 389 

is perturbed and the turbine power is observed, while in the modified P&O in Fig.10.b, the shaft speed is perturbed 390 

and the injected power to the grid is observed. This technique is very simple and just needs a sensor for measuring 391 

the shaft speed. Moreover, the value of “injected power to the grid” Pgrid is estimated from the existing data for 392 

the grid side controller and no extra sensor is needed.  393 

One should note that in Fig.10, the variable “step” is the amount of speed change in each iteration of 394 

algorithm. In this paper, the value of “step” changes as a function of |∆P/∆ω|. This strategy helps reducing the 395 

mechanical perturbations, especially at steady-state.     396 

 397 
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(a) (b) 

Fgi.10  Block diagram of P&O algorithm, (a) Conventional approach, (b) Proposed approach 

 398 

For finding the “optimum MPP” in Fig.10.b, there is no need to perform analytical calculations presented in 399 

sections 3 and 4. The modified P&O tracking algorithm can find the “optimum MPP” automatically and without the 400 

analytical calculations. 401 

The following experiment verifies the behavior of proposed P&O algorithm. In this investigation, first the 402 

conventional P&O algorithm (which tracks the MPP of hydraulic turbine) is applied and then the modified P&O 403 

algorithm (which tracks the MPP of whole system) is applied. The obtained result for the condition of Q=0.28 m
3
/s 404 

and H=1m is shown in Fig.11. 405 

 406 

  407 

r   408 

Fig.11. Waveforms of turbine power, output power, shaft speed, and turbine torque with the conventional P&O 409 

algorithm (left half side) and with the modified P&O algorithm (right half side)  410 

 411 

Fig.11 shows the turbine power, injected power to the grid, mechanical speed (rad/s), and turbine torque from 412 

top to bottom, respectively. The obtained steady-state data around the MPP for the conventional P&O and the 413 

modified P&O algorithm are given in Table III.  414 

 415 

Table III. Comparison of the conventional P&O and the modified P&O around the MPP based on experiments (at 416 

Q=0.28 m
3
/s and H=1 m) 417 

 Conventional P&O Modified P&O 

Turbine power (W) 1530 1480 

Injected power to grid  (W) 993 1030 

Mechanical speed  (rpm) 978 1086 

Turbine torque  (N.m) 14.9 13.2 

 418 

Pturbine 

Pgrid 

ωm 

Tt 

Conventional P&O algorithm Modified P&O algorithm 

Change of control system 
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From Fig.11 and the given results in Table III, it is seen that after applying the modified P&O algorithm, the 419 

turbine output power reduces 2.6% while the injected power to the grid increases 3.7%. Moreover, the mechanical 420 

speed changes from 978 to 1086 rpm and the turbine torque reduces from 14.9 to 13.2 N.m at Q=0.28 m
3
/s. It is 421 

evident that the proposed P&O algorithm moves the operating point from the “turbine MPP” to the “optimum 422 

MPP” and consequently more electric power is injected to the grid. This result confirms the validity of proposed 423 

P&O algorithm and also the change of optimum operating point due to the system losses. Moreover, with the 424 

change of operating point, the generator loss and the converter loss reduces and the cooling condition becomes 425 

easier. Hence, the life time of system will improve due to lower losses and temperature stress on the system 426 

components.  427 

 428 

6. Conclusions 429 

In this paper, a propeller (or semi-Kaplan) turbine with fixed blades and fixed guide vanes was considered for 430 

the study. Then, it was shown that the maximum power point (MPP) of the variable-speed micro hydropower 431 

system does not correspond to the MPP of the hydraulic turbine. In fact, the mechanical and electrical losses of the 432 

drive train, PMSG and power electronic unit between the turbine and the grid, can change the location of 433 

“optimum MPP” in the hydropower system. In the studied example in this paper, the corresponding speed at the 434 

turbine MPP was 978 rpm while it changed to 1086 rpm at the “optimum MPP”. Moreover, it was shown that the 435 

conventional MPP tracking approaches which track the MPP of hydropower turbine cannot find the “optimum 436 

MPP” and extract the maximum power. To solve this problem, a modified P&O tracking algorithm was proposed in 437 

which the shaft speed was perturbed and the injected power to the grid was observed. This technique is very 438 

simple and just needs a sensor for measuring the shaft speed. Finally, the theoretical results were verified by 439 

experiments on a 5 kW hardware prototype and according to obtained results, the injected power to the grid can 440 

increase several percent when the modified P&O algorithm is employed. For example, in the studied example, the 441 

injected power to the grid increases 3.7% when the modified algorithm is applied. The proposed algorithm does 442 

not depend on system parameters and can find the “optimum MPP” in a simple way.  443 

 444 

7. Prospective study 445 

The prospective study will focus on following two objectives: 446 
- Investigate the modelling approach for micro hydraulic turbines to reflect precisely the turbines physical 447 

characteristics  448 
- Investigate the variations of temperature variables in the flowchart of power loss model  449 
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