










































































































































































































































































                                                                      -A2/3- 
Thus, -analogous to (1-9) -, we get the following equations  describing the voltage  balance of the   
presumed fixed  f- and  fq-coils :                   
                                                  ef    = rf⋅if + dΨf/dt - ωfo⋅Ψfq  
                                                        efq  = rfq⋅ifq + dΨfq/dt +ωfo⋅Ψf                                                                       (A2-9)  
 
where  ωfo is the reference angular speed associated with the 3-phase field winding. ωfo = 2πfrotor,  
where frotor  is the frequency of the impressed three phase field voltage.   
 
For the remaining two  ’ordinary’  coils  ’kd’  and  ’kq’  of the generalised machine, the respective 
voltage balances can readily be defined in this way: 
  
                                                        ekd  = 0  = rkd⋅ikd + dΨkd/dt                                                                          (A2-10) 
                                                        ekq  = 0 = rkq⋅ikq + dΨkq/dt 
 
Equations  (A2-8),  (A2-9)  and  (A2-10)  are put together in  (A2-11). They form as a set the voltage 
equations of the model synchronous machine.  
 
                    ed = ra⋅id + dΨd/dt - ω⋅Ψq  
                                                  eq = ra⋅iq  + dΨq/dt + ω⋅Ψd                                                                      
               ef  = rf⋅if   + dΨf/dt - ωfo⋅Ψfq                                                                                              (A2-11) 
                                                  efq = rfq⋅ifq + dΨfq/dt +ωfo⋅Ψf  
                                                  ekd =0  = rkd⋅ikd + dΨkd/dt                                                                               
                                                  ekq =0 = rkq⋅ikq + dΨkq/dt 
 
An exogenously specified, symmetrical three phase ac voltage  EfRST  of given frequency ff, is applied 
to the field winding for excitation. How this voltage transforms into the d-q axis voltage variables  (ef, 
efq) of  (A2-11),  is dealt with later under the heading  ’Modelling of special  voltages in the  d-q  axis 
frame of reference’ , see pages  A2/12-13.            
 
The defining flux equations of the machine are given by  (A2-2).  In summary fashion,  the voltage  
and flux equations are shown in Figure A2-2. They form the platform for the ensuing algorithmic 
development. 
 
                         d     q      f     fq     kd     kq                                                              d     q    f    fq    kd     kq  

  ed       ra                                           id        dΨd/dt              -ω                        Ψd          Voltage equations 
              eq           ra                                     iq        dΨq/dt          ω                             Ψq       of the model syn-  
              ef   =          rf                            ⋅   if       +  dΨf/dt    +               -ωfo            ⋅   Ψf        chronous ma-  
                efq                  rfq                    ifq       dΨfq/dt                  ωfo                   Ψfq        chine. 
              ekd                       rkd                ikd          dΨkd/dt                                          Ψkd      (Eqn (A2-11)  on    
              ekq                              rkq       ikq           dΨkq/dt                                          Ψkq      matrix form)     
 
                                                                ↓                             
                           edq       ra            idq         dΨdq/dt            Hdq            Ψdq                             (A2-12) 
                                  =               ⋅         +                  +                  ⋅          
                           efk               rfk     ifk         dΨfk/dt                    Hfk      Ψfk 
         where; 
                             d          q                                                                                                                                                              d         q     

                            ra                               ed                 id                 Ψd                         -1  d 

                 ra   =                          edq =             idq =           Ψdq=             Hdq = ω⋅                                  (A2-13)    
                                    ra                       eq                 iq                 Ψq                         1            q 
                            f       fq        kd           kq                                                                                                                                                        f       fq       kd        kq                 
                           rf                                        ef                  if                     Ψf                       -1             
                                 rf q                             efq                 ifq                    Ψfq                 1           
                rfk  =                rkd                 efk =  ekd=0     ifk =   ikd       Ψfk =   Ψkd      Hfk=ωfo⋅                      (A2-14)   
                                              rkq                  ekq=0              ikq                   Ψkq 
 

                                                                                                                        Figure continues… 
 

      Figure  A2-2 (start of)   Basic synchronous motor equations.  The platform for the ensuing   
                               algorithmic development. Vector  e  comprises impressed voltages.         





                                                                    -A2/5- 
                     dφfk/dt = = ωo⋅efk + ( -Hfk - rfk⋅Lfk 

-1)⋅φfk + (ωo⋅rfk⋅Lfk 
-1⋅L(fk)(dq)⋅T)⋅iDQ                               (A2-22) 

 
(A2-22)  is inconvenient to apply.  By setting in the appropriate matrices from  Figure A2-2,  and  
doing  some  further reductions and  definitions,  we arrive at the following practical version of   
(A2-22), see  Figure A2-3.  For further on how  machine parameters relate to basic model  para- 
meters, see later on page A2/11. 
 
  
                                                      dφfk/dt =  ω0⋅(efk + Ffki⋅iDQ +Ffkφ⋅φfk )                                           (A2-23) 
                                                      (4x1) 

  where: 
 
                Kf ⋅Ef     f           Ef   = √2⋅(Ef-eff(o) + ∆Ef)⋅cosβf  =voltage of field coil ’f’.  See page A2/14 - 15                 Xad   = Xd -Xaσ        
   efk   =    Kfq⋅Efq    fq          Efq = √2⋅(Ef-eff(o) + ∆Ef)⋅sinβf   = voltage of field coil ’fq’.  See page A2/14 -15              X’ad  = X’d -Xaσ 
                   0         kd         Kf    =  [(√2/(ωo⋅T’do⋅εf))⋅Xad /(Xd - X’d)]                 For the adjustable speed SM       X’’ad = X’’d -Xaσ 

                           0          kq          Kfq  = [(√2/(ωo⋅T’qo⋅εfq))⋅Xaq /(Xq - X’q )]                  (ie. the symmetrical machine):           Xaq   = Xq -Xaσ                                                                                             
                                       (εf,εfq) = factors =1, unless adjusted speed SM.     Kf = Kfq  &  εf = εfq , see p. A2/15.     X’aq   = X’q -Xaσ 
                                         ∆ Eqf = voltage control response.  (Voltage phase not a control variable here).                      X’’aq   = X’’q -Xaσ                                                                                                                                                          
 
                                      D                                                 Q 
               (1/(ωo⋅T’do))⋅(Xad/X’ad)⋅X’’ad⋅cosβ     -(1/(ωo⋅T’do))⋅(Xad/X’ad)⋅X’’ad⋅sinβ     f 
   Ffki  =    (1/(ωo⋅T’qo))⋅(Xaq/X’aq)⋅X’’aq⋅sinβ       (1/(ωo⋅T’qo))⋅(Xaq/X’aq)⋅X’’aq⋅cosβ    fq 
                      (1/(ωo⋅T’’do))⋅X’ad⋅cosβ                 - (1/(ωo⋅T’’do))⋅X’ad⋅sinβ               kd                                                                                                                                           
                      (1/(ωo⋅T’’qo))⋅X’aq⋅sinβ                    (1/(ωo⋅T’’qo))⋅X’aq⋅cosβ              kq               
 
 
                                         f                                                      fq                                                            kd                                                           kq                                                                                                                                                                                                                                                                                                   
                                  Ffkφ(f,f)                         ω0 ⋅frotor(pu)               (Xad/X’ad

2)⋅( X’d – X’’d)/T’do  
                               - ω0 ⋅frotor(pu)                      Ffkφ(fq,fq)                                                         (Xaq/X’aq

2)⋅( X’q – X’’q)/T’qo  
  Ffkφ=(1/ωo)⋅ (1/T’’do)⋅(1/Xad)⋅( Xd – X’d)                                                       - 1/T’’do                
                                                            (1/T’’qo)⋅(1/Xaq)⋅( Xq – X’q)                                                       - 1/T’’qo                                                                                                                                                  
                                                                                                                      
        Ffkφ(f,f)      =  - (1/ /(T’do⋅X’ad))⋅[(Xad/X’ad)⋅( X’d – X’’d) + X’’ad ] 
        Ffkφ(fq,fq)  =  - (1/ /(T’qo⋅X’aq))⋅[(Xaq/X’aq)⋅( X’q – X’’q) + X’’aq ] 
 
                     β =  angular displacement of the local machine reference axes relative to the global axes 
                     βf =  specified phase shift  (relative to local axes) of applied three phase field voltage. 
             frotor(pu) =  pu frequency of applied 3-phase rotor voltage. ( Base frequency : 50Hz. Not subject to sign shift ).                       
 
     Xd, X’d, X’’d  :  direct-axis synchronous, transient and subtransient reactance (pu)      
     Xq, X’q,X’’q   :  quadrature-axis synchronous, transient and subtransient reactance (pu) 
     Xaσ              :  stator leakage reactance (pu) 
    T’do, T’’d o     :  direct axis open stator transient and subtransient time constant (s) 
     T’qo,T’’qo      :  quadrature axis open stator  transient and subtransient time constant (s)    
 
    Model application alternatives:  
     - If adjustable speed SM: Symmetrical machine; Xd=Xq,  X’d=X’q,  X’’d=X’’q,  T’do=T’qo,  T’’do=T’’qo,  Kf=Kfq.  βf   to be set. 
     - If  ’traditional’  SM         :  Individual parameter setting.  βf  = 0.  ff =0 (i.e. dc to the field circuit) 
     - If  ’traditional’  AM        :  Symmetrical machine. No field voltage excitation : Ef=Efq=0. ff =0.  No P&U-control. 
 
  Figure A2-3  Rotor flux model of the extended synchronous motor (incl. the adjustable speed version).  Model  
                      part describing synchronous motor state variables  φfk=[φf  φfq φkd φkq]t  
 
At any time during integration the rotor- and damper currents ifk may be derived from equation (A2-19), 
after introducing   φfk = ωo⋅Ψfk   and  idq  =  T⋅iDQ.  See algorithm in Figure  A2-4. 
 
In the elaboration of  equations  (A2-23)  and  (A2-24), letter combinations like  ’fk’,  ’dq’  and  ’DQ’     
have been used for  indexing to  (hopefully)  ease  understanding of  the algorithmic development.     
From a systems analysis point of view (once the component models have been established), better 
notations should be applied. See  end of this appendix  for summary model description that aim at 
being  user-oriented.         







                                                                          -A2/8- 
After some straightforward but tedious laborations, we arrive at the  electrical circuit model  shown  in 
Figure A2-7. At the end of the finalizing process sign conventions and terminology in line with that  
adopted for the formal electrical circuit model  of  Figure 1.1, are observed.     
                                                                      
 
 
                                                                                                        
                                        ←iDQ       RDQ              XDQ                                                      ∆EDQ   =( Vfk + Hfk⋅φfk ) = motor emf. 
                                   •                                                    ∆EDQ           • 
                                                                                                  ←                   
                                                                           vDQ                                             
                                                                                                            uDQ  
                                                                                                                                                                                                                    
                                                                           ↓                                                                                                                          
                              vDQ = RDQ⋅iDQ + (1/ωo)⋅XDQ⋅diDQ/dt     &     vDQ - ∆EDQ = uDQ                                            (A2-35) 
                              (2x1) 

 
                                         Electrical circuit  model of the synchronous motor in d-q axis frame of reference                     
 
 
∆EDQ = ( Vfk  + Hfk⋅φfk )  = synchronous motor emf.                                                                                                                             
                                                                                 
                       ∧                                                    _                       _                             ∧                                _                 _                           
               (Ra+X’’r) + (ΩSMref+2⋅∆ΩSM)⋅X’’⋅sin2β + X’’r ⋅cos2β   -ΩSMref⋅X’’+(ΩSMref+2⋅∆ΩSM)⋅X’’⋅cos2β – X’’r ⋅sin2β  
 RDQ  =               ∧                                _                 _                         ∧                                  _               _                                                                                                                            
               ΩSMref⋅X’’+ (ΩSMref+2⋅∆ΩSM)⋅X’’⋅cos2β – X’’r ⋅sin2β    (Ra+X’’r) - (ΩSMref+2⋅∆ΩSM)⋅X’’⋅sin2β - X’’r ⋅cos2β 
 
                                                                                                                       ΩSMref =(1-Ωf ), where  Ωf  = pu angular speed of 
                                                                                                                                   rotor mmf relative to rotor. See p. A2/11.                                            
                  ∧       _                       _                                       _                        _ ∆ΩSM =(ΩSM -ΩSMref ).   ΩSM = pu rotor speed.                                                                          
                 X’’ + X’’⋅cos2β         -X’’⋅sin2β                        Cf⋅Ef⋅cos(β-βf )       Ef    = (√2⋅Ef-eff +∆Ef ) = peak field excitation. 
 XDQ  =           _                          ∧     _                    Vfk  =        _                      ∆Ef  = voltage regulator response. See p.1/29. 
                   - X’’⋅sin2β             X’’ - X’’⋅cos2β                  -Cf⋅Ef⋅sinβ(β-βf )     Cf    = (√2/( ωo⋅T’do⋅εf))⋅(X’’ad/X’ad).  See *)          
                                                                                                                      β    = synchronous motor angle, see Fig.A2-3. 
                                                                                                                      βf     = phase shift of magnetizing ac voltage.         
                                                                                                                                                                      See Figure A2-3. 
                                              f                                                                   fq                                                              kd                                                        kq                                                                                                                                        
              (ΩSM⋅f1 -frotor(pu)⋅f7)⋅sinβ+f2⋅cosβ   (ΩSM⋅f7 - frotor(pu)⋅f1)⋅cosβ + f8⋅sinβ   ΩSM⋅f3⋅sinβ +f4⋅cosβ    ΩSM⋅f5⋅cosβ + f6⋅sinβ    D                                              
 Hfk    =                                                                                                                                                                                                                                                                                                                                                                       
              (ΩSM⋅f1 -frotor(pu)⋅f7)⋅cosβ - f2⋅sinβ  -(ΩSM⋅f7 - frotor(pu)⋅f1)⋅sinβ+ f8⋅cosβ  ΩSM⋅f3⋅cosβ - f4⋅sinβ    -ΩSM⋅f5⋅sinβ + f6⋅cosβ    Q  
 
 ∧                                               ∧ 
 X’’ = 0.5(X’’d + X’’q)     X’’r = 0.5(X’’rd + X’’rq)          ←    X’’rd = (1/(ωo⋅T’do))⋅(X’’ad/X’ad)2⋅(Xd – X’d) + (1/(ωo⋅T’’do))⋅(X’d – X’’d) 
 _                                  _                                                                                                                                                     
 X’’ = 0.5(X’’d - X’’q)      X’’r = 0.5(X’’rd - X’’rq)           ←    X’’rq = (1/(ωo⋅T’do))⋅(X’’aq/X’aq)2⋅(Xq – X’q) + (1/(ωo⋅T’’qo))⋅(X’q – X’’q) 
 
frotor(pu) = (frotor /50) = pu frequency of  3-phase voltage applied to field winding.   frotor(pu) is not  subject to sign shift.          
f1  = (Xd - X’d)⋅(X’’ad/(Xad⋅X’ad))                                                                                                                  ←    Xad    = Xd -Xaσ 

f2  = f1⋅[(X’d – X’’d)⋅ [ (1/(ωo⋅T’’do))⋅(1/X’’ad) - (1/(ωo⋅T’do))⋅(Xad/X’ad
2) ] - (1/(ωo⋅T’do))⋅(X’’ad/X’ad) ]                 ←    X’ad   = X’d -Xaσ 

f3  = (X’d – X’’d)/X’ad                                                                                                                                    ←    X’’ad  = X’’d -Xaσ 
f4  = f3⋅[ (1/(ωo⋅T’do))⋅(X’’ad/X’ad

2)⋅( Xd – X’d) - (1/(ωo⋅T’’do) ]                                                                                                   
f5  = - (X’q – X’’q)/X’aq                                                                                                                                  ←    Xaq    = Xq -Xaσ 
f6  = - f5⋅[ (1/(ωo⋅T’qo))⋅(X’’aq/X’aq

2)⋅( Xq – X’q) - (1/(ωo⋅T’’qo) ]                                                                        ←    X’aq  = X’q -Xaσ             
f7  = - (Xq - X’q)⋅(X’’aq/(Xaq⋅X’aq))                                                                                                                 ←    X’’aq = X’’q -Xaσ                               
f8  = - f7⋅[(X’q – X’’q)⋅ [ (1/(ωo⋅T’’qo))⋅(1/X’’aq) - (1/(ωo⋅T’qo))⋅(Xaq/X’aq

2) ] - (1/(ωo⋅T’qo))⋅(X’’aq/X’aq) ] 
 
Figure A2-7  Electrical circuit model of the ’extended’ synchronous motor (incl. the adjustable speed version) 
 
*) In the general, salient pole development  we find that  Cf = (√2/( ωo⋅T’do⋅εf))⋅(X’’ad/X’ad)  and   Cfq = (√2/( ωo⋅T’qo⋅εfq))⋅(X’’aq/X’aq).    
Also:  Vfk

t  = [ (Cf⋅Ef⋅cosβ+Cfq⋅Efq⋅sinβ) , ( -Cf⋅Ef⋅sinβ+Cfq⋅Efq⋅cosβ) ].   See pages  12-16  of this appendix.   Since the 
adjustable speed synchronous machine is symmetrical of design, parameter symmetry prevails, leading to the  more 
convenient description of  Vfk  given in Figure A2-7.                                              
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                                             The  ’Extended’  Synchronous Motor   
                                       (based on the d-q diagram of a 6-coil generalised machine) 
Synchronous motor/generator behaviour  is described in terms of  8 state variables :  
 2  stator current components  iSM = [iSM(d)  iSM(q) ]t          ( where ’t’ stands for ’transpose ’) 

4  rotor flux components        φSM = [φf  φfq  φkd  φkq ]t      (fieldw.’f’   fieldw.’q   damperw. ’kd’    damperw. ’kq’ )                     
1  speed variable  ΩSM   =  ωSM /ωo     
1  rotor angle variable βSM 

To handle voltage control 4 state variables are introduced. Power control in (hydro) generator mode of operation  
is afforded via 3 additional state variables. Altogether (8+7) =15 state variables to model generator mode of  
operation: 
Synchronous Motor  parameters to be specified  (with example adjustable speed machine data in parenthesis) : 
         Xaσ    (0.1pu)           X’d    (0.35pu)             Ra   (0.008pu)        T’’q  (0.04s)           CosϕN   (0.9pu) 
         Xd     (1.4pu)           X’’d   (0.22pu)             T’do  (1.0s))             T’qo  (1.0s))               Ta       (10.0s)                                                                                  
         Xq      (1.4pu)           X’’q   (0.22pu)             X’q   (0.35pu)          T’’d  (0.04s)              CD       (12pu)    
       
Electrical Circuit Model                                                                    
                                                                                                                                                                              
                                                                                                        
                                        ←iSM       RSM              XSM                                                      ∆ESM   =( VSM + HSM⋅φSM) = motor emf. 
                                   •                                                    ∆ESM           • 
                                                                                                  ←                   
                                                                           vSM                                             
                                                                                                            uSM  
                                                                            ↓                                                                                                                                     
                              vSM = RSM⋅iSM + (1/ωo)⋅XSM⋅diSM/dt     &     vSM - ∆ESM = uSM                                            (A2-35) 
                              (2x1) 

                             Electrical circuit  model of the extended synchronous motor in d-q axis frame of reference                     
 
∆ESM = ( VSM  + HSM⋅φSM )  = synchronous motor emf.                                                                                                                             
                                                                                 
                         ∧                                                   _                        _                                 ∧                                 _                   _                           
                (Ra+X’’r)+ (ΩSMref +2⋅∆ΩSM)⋅X’’⋅sin2βSM+X’’r⋅cos2βSM    -ΩSMref⋅X’’+(ΩSMref +2⋅∆ΩSM)⋅X’’⋅cos2βSM -X’’r⋅sin2βSM  
 RSM  =                  ∧                                _                   _                            ∧                                   _                  _                                                                                                                            
                ΩSMref⋅X’’+(ΩSMref +2⋅∆ΩSM)⋅X’’⋅cos2βSM -X’’r⋅sin2βSM     (Ra+X’’r) - (ΩSMref +2⋅∆ΩSM)⋅X’’⋅sin2βSM -X’’r⋅cos2βSM 
 
                                                                                                                ΩSMref =(1-Ωf) , where Ωf = pu angular speed of rotor 
                                                                                                                                         mmf  relative to rotor. See p.A2/11 
                                                                                                                 ∆ΩSM =(ΩSM - ΩSMref), where ΩSM =pu rotor speed 
                  ∧     _                        _                                     _                             _ 
                 X’’+X’’⋅cos2βSM      -X’’⋅sin2βSM                  Cf⋅Ef⋅cos(βSM-βf)         Ef  =(√2⋅Ef-eff +∆Ef ) = peak field excitation. 
 XSM  =         _                         ∧    _                     VSM=        _                         ∆Ef = voltage regulator response. See p.1/29. 
                  -X’’⋅sin2βSM         X’’-X’’⋅cos2βSM               -Cf⋅Ef⋅sin(βSM-βf)         Cf = (√2/(ωo⋅T’do⋅εf))⋅(X’’ad/X’ad).  See p.A2/8.          
                                                                                                                    βSM = synchronous motor angle, see Fig.A2-3. 
                                                                                                                       βf  = phase shift of magnetizing ac voltage.         
                                                                                                                                                                      See Figure A2-3. 
                                            f                                                                      fq                                                               kd                                                          kq                                                                                                                                        
           (ΩSM⋅f1 -fpu⋅f7)⋅sinβSM+f2⋅cosβSM (ΩSM⋅f7 - fpu⋅f1)⋅cosβSM+f8⋅sinβSM   ΩSM⋅f3⋅sinβSM+f4⋅cosβSM   ΩSM⋅f5⋅cosβSM+f6⋅sinβSM    D                                              
 HSM =                                                                                                                                                                                                                                                                                                                                                                       
           (Ω SM⋅f1-fpu⋅f7)⋅cosβSM-f2⋅sinβSM  -(ΩSM⋅f7 -fpu⋅f1)⋅sinβSM+f8⋅cosβSM  ΩSM⋅f3⋅cosβSM-f4⋅sinβSM    -ΩSM⋅f5⋅sinβSM+f6⋅cosβSM   Q  
 ∧                                               ∧ 
 X’’ = 0.5(X’’d + X’’q)     X’’r = 0.5(X’’rd + X’’rq)          ←    X’’rd = (1/(ωo⋅T’do))⋅(X’’ad/X’ad)2⋅(Xd – X’d) + (1/(ωo⋅T’’do))⋅(X’d – X’’d) 
 _                                  _                                                                                                                                                     
 X’’ = 0.5(X’’d - X’’q)      X’’r = 0.5(X’’rd - X’’rq)           ←    X’’rq = (1/(ωo⋅T’qo))⋅(X’’aq/X’aq)2⋅(Xq – X’q) + (1/(ωo⋅T’’qo))⋅(X’q – X’’q) 
 
fpu = shortened notation for  frotor(pu) = pu frequency of 3-phase voltage applied to field winding.  Not subject to sign shift.  
f1  = (Xd - X’d)⋅(X’’ad/(Xad⋅X’ad))                                                                                                                  ←    Xad    = Xd -Xaσ 

f2  = f1⋅[(X’d – X’’d)⋅ [ (1/(ωo⋅T’’do))⋅(1/X’’ad) - (1/(ωo⋅T’do))⋅(Xad/X’ad
2) ] - (1/(ωo⋅T’do))⋅(X’’ad/X’ad) ]                 ←    X’ad   = X’d -Xaσ 

f3  = (X’d – X’’d)/X’ad                                                                                                                                    ←    X’’ad  = X’’d -Xaσ 
f4  = f3⋅[ (1/(ωo⋅T’do))⋅(X’’ad/X’ad

2)⋅( Xd – X’d) - (1/(ωo⋅T’’do) ]                                                                                                   
f5  = - (X’q – X’’q)/X’aq                                                                                                                                  ←    Xaq    = Xq -Xaσ 
f6  = - f5⋅[ (1/(ωo⋅T’qo))⋅(X’’aq/X’aq

2)⋅( Xq – X’q) - (1/(ωo⋅T’’qo) ]                                                                        ←    X’aq  = X’q -Xaσ             
f7  = - (Xq - X’q)⋅(X’’aq/(Xaq⋅X’aq))                                                                                                                 ←    X’’aq = X’’q -Xaσ                               
f8  = - f7⋅[(X’q – X’’q)⋅ [ (1/(ωo⋅T’’qo))⋅(1/X’’aq) - (1/(ωo⋅T’qo))⋅(Xaq/X’aq

2) ] - (1/(ωo⋅T’qo))⋅(X’’aq/X’aq) ] 



                                                                      -A2/27- 
                                        The  ’Extended’  Synchronous Motor,  cont… 
Rotor Flux Model 
  
                                                 dφSM/dt =  ω0⋅(eSMr+FSMi⋅iSM+FSMφ⋅φSM)                                          (A2-94) 
                                                    (4x1) 

  where: 
 
                Kf ⋅Ef    f             Ef  = (√2⋅Ef-eff(o) + ∆Ef)⋅cosβf  =voltage of field coil ’f’.  See page A2/14 - 15                  Xad   = Xd -Xaσ        
  eSMr =    Kfq⋅Efq   fq           Efq = (√2⋅Ef-eff(o) + ∆Ef)⋅sinβf   = voltage of field coil ’fq’.  See page A2/14 -15               X’ad  = X’d -Xaσ 
                   0         kd           Kf   =  [(√2/(ωo⋅T’do⋅εf))⋅Xad /(Xd - X’d)]                 For the adjustable speed SM            X’’ad = X’’d -Xaσ 

                           0         kq            Kfq = [(√2/(ωo⋅T’qo⋅εfq))⋅Xaq /(Xq - X’q )]                (ie. the symmetrical machine):           Xaq   = Xq -Xaσ 
                                       (εf, εfq) = factors =1, unless adjusted speed SM.   Kf = Kfq  &  εf =εfq,  see p. A2/15.        X’aq  = X’q -Xaσ 
                                          ∆ Ef  = voltage control response.  (Voltage phase not a control variable here).              X’’aq = X’’q -Xaσ 
 
                                      D                                                 Q 
               (1/(ωo⋅T’do))⋅(Xad/X’ad)⋅X’’ad⋅cosβ     -(1/(ωo⋅T’do))⋅(Xad/X’ad)⋅X’’ad⋅sinβ     f 
   FSMi =   (1/(ωo⋅T’qo))⋅(Xaq/X’aq)⋅X’’aq⋅sinβ       (1/(ωo⋅T’qo))⋅(Xaq/X’aq)⋅X’’aq⋅cosβ    fq 
                      (1/(ωo⋅T’’do))⋅X’ad⋅cosβ                 - (1/(ωo⋅T’’do))⋅X’ad⋅sinβ               kd                                                                                                                                           
                      (1/(ωo⋅T’’qo))⋅X’aq⋅sinβ                    (1/(ωo⋅T’’qo))⋅X’aq⋅cosβ              kq               
 
 
                                         f                                                      fq                                                            kd                                                           kq                                                                                                                                                                                                                                                                                                   
                                  Ffkφ(f,f)                        ω0 ⋅frotor(pu)                   (Xad/X’ad

2)⋅( X’d – X’’d)/T’do  
                           - ω0 ⋅frotor(pu)                         Ffkφ(fq,fq)                                                          (Xaq/X’aq

2)⋅( X’q – X’’q)/T’qo  
 FSMφ=(1/ωo)⋅ (1/T’’do)⋅(1/Xad)⋅(Xd - X’d)                                                       - 1/T’’do                
                                                            (1/T’’qo)⋅(1/Xaq)⋅( Xq – X’q)                                                       - 1/T’’qo                                                                                                                                                  
 
                                                                                                                           
- Ffkφ(f,f)      =  - (1/ /(T’do⋅X’ad))⋅[(Xad/X’ad)⋅( X’d – X’’d) + X’’ad ] 
- Ffkφ(fq,fq)  =  - (1/ /(T’qo⋅X’aq))⋅[(Xaq/X’aq)⋅( X’q – X’’q) + X’’aq ] 
 
                     β =  angular displacement of the local machine reference axes relative to the global axes 
                     βf =  specified phase shift  (relative to local axes) of applied three phase field voltage. 
             frotor(pu) =  pu frequency of applied 3-phase rotor voltage. (Base frequency: 50Hz.  Not subject to sign change)                              
 
     Xd, X’d, X’’d  :  direct-axis synchronous, transient and subtransient reactance (pu)      
     Xq, X’q,X’’q   :  quadrature-axis synchronous, transient and subtransient reactance (pu) 
     Xaσ              :  stator leakage reactance (pu) 
    T’do, T’’d o     :  direct axis open stator transient and subtransient time constant (s) 
     T’qo,T’’qo      :  quadrature axis open stator  transient and subtransient time constant (s)    
 
    Model application alternatives:  
     - If adjustable speed SM: Symmetrical machine; Xd=Xq,  X’d=X’q,  X’’d=X’’q,  T’do=T’qo,  T’’do=T’’qo,  Kf=Kfq.  βf   to be set. 
     - If  ’traditional’  SM         :  Individual parameter setting.  βf  = 0.  ff =0 (i.e. dc to the field circuit) 
     - If  ’traditional’  AM        :  Symmetrical machine. No field voltage excitation : Ef=Efq=0. ff =0.  No P&U-control. 
 
    At any time during integration the rotor currents may be derived from  (A2-19) :  
 
                                                      iSMr = (Xrr) –1⋅(φSM  - XDQr⋅iSM)                                                     (A2-95)  
        where: 
 
                                 f                                  fq                                          kd                                                         kq 

                      X2
ad/(Xd – X’d)                                         Xad                                                               f  

          Xrr =                          X2
aq

 (Xq – X’q)                                                           Xaq                     fq               
                             Xad                                    Xad+X’ad ⋅X’’ad /(X’d – X’’d)                                            kd 
                                                 Xaq                                              Xaq+X’aq ⋅X’’aq /(X’q – X’’q)  kq                                                                     
 
                                                    D                         Q          
                                              Xad⋅cosβ     -Xad⋅sinβ   f                           
                                              Xaq⋅sinβ      Xaq⋅cosβ   fq 
            XDQr = X(fk)(dq)⋅T =     Xad⋅cosβ     -Xad⋅sinβ   kd  
                                              Xaq⋅sinβ      Xaq⋅cosβ   kq 
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